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Referat:
In der vorliegenden Arbeit wird die Mechanik von Netzwerken semiflexibler Polymere
behandelt. Insbesondere wird der Zusammenhang zwischen der Steifigkeit des Einzelfil-
aments und der Steifigkeit des Gesamtnetzwerks experimentell untersucht.
Der Hintergrund aktueller, einschlägiger theoretische Modelle wird zusammengefasst.
Die Möglichkeiten und Limitierungen bisheriger experimenteller Modellsysteme werden
diskutiert. Zur Untersuchung des eingangs genannten Zusammenhangs wird ein neuar-
tiges, vielfältiges Modellsystem für semiflexible Polymere auf Basis von DNA Röhren
eingeführt und umfassend auf Einzelfilament- und Netzwerkebene charakterisiert. Die
Steifigkeit des Netzwerks lässt sich damit und unter Einsatz von Quervernetzern über
einen weiten Bereich einstellen.
Es zeigt sich, dass bisherige einschlägige Modelle in der korrekten Vorhersage des o.g.
Zusammenhangs scheitern. Mögliche Auswege in der Modellierung werden skizziert,
sowie konkrete, weitere Anwendungen der DNA Röhren benannt.
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What I cannot create, I do
not understand.
(Richard P. Feynman)1. Introduction
The mechanics of solid bodies reaches back to the roots of physics with the ancient
Greek Aristotle (1934, VII, 5, 249b) (Benvenuto 1991, p. 28). Over centuries this
field went through a vivid evolution and our current knowledge enabled engineers to
construct airplanes as large as the Airbus A380 (with a wingspan almost as long as a
football pitch), ships as heavy as the OOCL Hong Kong (with a capacity of more than
21 000 containers) or bicycles as light and stiff as Bradley Wiggins’ track bike Pinarello
Bolide HR (with a regulatory weight of 6.8 kg). Starting with Archimedes’ exclamation
“Eureka” (εὕρηκα, heúrēka, “I have found (it)”) in his bath tub (Vitruvius 1931, IX,
9-12), fluid mechanics matured and made the airplane fly, the ship go cheaper and the
bicycle go faster (and reach the current hour record of 54.526 km (Fotheringham 2015)).
Here, I investigate matter that borrows properties from both fields with an abundant
occurrence far beyond anthropogenic engineering.
All living creatures are composed of one or multiple individual cells (Alberts et al.
2002). Their structure and motility is determined by a network of polymers as illus-
trated in Fig. 1.1. The so-called cytoskeleton is a dense solution of tiny macromolecules
with an enormous aspect ratio immersed in the cytoplasm (Huber et al. 2013). These
networks display both elastic and viscous properties depending on the spatio-temporal
scale. They exhibit unusual mechanical responses such as a non-linear stiffening (Gardel
et al. 2004; Lieleg and Bausch 2007; Storm et al. 2005) or reversible softening (Chaud-
huri, Parekh, and Fletcher 2007) under stress. That means the more the material is
deformed, the harder (or softer) it is to deform it even further. Another unique char-
acteristic is the negative normal stress under shear (Janmey et al. 2007), where the
network tends to contract in contrast to, for instance granular material which dilates.
Furthermore, biological polymer networks are distinguished by a high elasticity at low
volume fraction (MacKintosh, Käs, and Janmey 1995; Müller et al. 1991). The re-
sulting large mesh size provides the free space for molecular transport and metabolism
sustaining life (Broedersz and MacKintosh 2014). These properties are of tremendous
interest for scientists and have inspired beautiful physical models that even successfully
describe such anthropogenic pendants as plastic and rubber.
On the single filament level, such polymeric systems can be successfully modeled as
a continuous worm-like chain, with the persistence length lp as the central, defining
quantity (Doi and Edwards 1986). It provides a measure of the filament’s stiffness and
needs to be compared to the actual length of the polymer – the contour length. The
three regimes of long and flexible, semiflexible, and short and rod-like chains emerge with
disperse properties and applications. Most synthetic polymers (e.g. the aforementioned
plastic and rubber) fall into the class of long, flexible chains, which collapse into random







Figure 1.1.: Electron micrograph of a fixed frog keratocyte – a motile cell type residing
in the stroma able to crawl and heal lesions at different sites. Understanding
the mechanics of the interwoven actin network in (b) is the main impetus
of this work. Figures adapted from (Svitkina and Borisy 1999).
it relatively easy to draw analogy to simpler chain models, resulting in a profound
understanding of these systems nowadays. Semiflexible chains, however, where the
persistence length is on the order of the contour length are more challenging. The
bending energy which promotes a straight configuration, just outbalances the entropy.
In consequence, semiflexible polymers are mainly straight but undergo strong thermal
fluctuations, which leads to a number of the unique physical properties. Nearly all
cytoskeletal and extra cellular polymers belong to this extraordinary class.
Due to the steady interplay of length scales and energies, modeling these networks is
a demanding task and several competing theoretical frameworks have evolved. The tube
picture, with its roots dating back to Pierre-Gilles de Gennes, is the most promising
and well-established (de Gennes 1971; Doi and Edwards 1978a). Some of its predictions
have found first experimental confirmation (Hinner et al. 1998; Keshavarz et al. 2016;
C. F. Schmidt et al. 1989). These predictions deviate only slightly from competing
theories. However, its correlation of the macroscopic elasticity with the class-defining
persistence length remained yet unverified. This macroscopic elasticity is rated by the
elastic plateau modulus G0 and the correlation is given by a power-law G0 ∝ lβp . Here,
the tube picture predicts a peculiar inverse correlation (Morse 1998a,b), which distin-
guishes qualitatively from other models (MacKintosh, Käs, and Janmey 1995; Satcher
Jr and Dewey Jr 1996), presuming a power-law behavior with disperse, but positive ex-
ponents. Those differences originate from the dominance of either enthalpic bending or
entropic stretching. The first scales according to our macroscopic everyday experience:
the harder the ingredients, for instance steal beams, the stronger the scaffold. In con-
trast, an entropic spring becomes harder the softer the filament, since more and more
coiled microscopic realizations become possible counter-acting the straightening. The
2
drastic change in the sign of the exponent β of the relation of macroscopic/microscopic
stiffness is a distinct handle to assess these models.
Unfortunately, the unbiased and deterministic attenuation of the persistence length
has proven to be impracticable with the available semiflexible polymers. The intrinsic
persistence length can not be altered or rather to a minute extend (Tassieri et al.
2008a). The study of the impact of persistence length employing a set of different
types of biopolymers is hampered by the introduction of additional parameters. Those
biopolymers do not strictly comply with the worm-like chain model and differ in more
than their persistence length, for example in their surface stickiness, length distribution,
or extensibility. In order to resolve this major, long-standing problem, a suitable model
system tunable in persistence length and compliant with the semiflexible worm-like
chain model is needed.
I have identified synthetic DNA tubes that emerged from the young and vibrant field
of DNA nanotechnology as an ideal experimental model system (Yin et al. 2008). Mim-
icking many of the properties of the well-established semiflexible biopolymer actin, such
as persistence length, length distribution, or aspect ratio (Schiffels, Liedl, and Fygen-
son 2013; Yin et al. 2008), the so-called DNA n-helix tubes (n-HT) can be precisely
programmed in the number n of DNA duplexes forming the tube’s circumference. This
circumference or diameter variation is accompanied with a change in stiffness, rendering
a meticulous study of the persistence length possible for the first time.
The DNA n-HT were characterized to a great extent and I confirmed its semiflexible
nature on both, the individual filament and network level. With this semiflexible model
system I performed rheological studies that experimentally revealed the correlation
G0 ∝ cαlβp . The exponents obtained match extraordinarily well with the prediction of
the tube model and the previous experimental studies, in the case of the concentration
c. However, the situation is different for the scaling with the persistence length lp. The
resulting exponent β = 1 opposes the tube model’s prediction of −1/5 in particular
by sign and is around the value of the athermal, bending-dominated unit cell approach
(Satcher Jr and Dewey Jr 1996). None of the existing theories is able to reproduce the
combination of both observed scalings, in concentration and persistence length.
This leaves us with a dilemma. Successful in the explanation of other observations, i.e.
concentration scaling (Hinner et al. 1998), tube width (Glaser et al. 2010), reptation
(Keshavarz et al. 2016), the tube model fails in predicting the impact of the class-
defining quantity lp on the macroscopic stiffness. Therefore, I conjecture that the
so-far qualified tube model demands adjustment with respect to further internal energy
contributions from filament bending, whose contributions scale linearly with filament
stiffness as with the unit cell approach.
The ultimate goal is a universal theory that sufficiently describes and predicts the
mechanics of such abundant polymeric systems. Cellular mechanics are governed by
the cytoskeleton (Huber et al. 2013). Their substrate – the extra-cellar-matrix (ECM)
– is a semiflexible polymer network (Soofi et al. 2009). Artificial cell substrates needed
for tissue engineering comprise the same material (Wisotzki et al. 2014). The white eye
ball is shaped by such polymers (Karl et al. 2016; Schuldt et al. 2015; Iseli et al. 2015).
And worth mentioning, our beloved gummy bears consist mainly of ECM fragments
3
1. Introduction
(Hashim et al. 2015). A valid and profound theory would enable us to mechanically
engineer such diverse and abundant materials in a controlled way.
In addition to the application as a polymeric model system, networks of DNA n-HTs
themselves can serve as an artificial cell substrate tunable in elasticity. To provide a
large range of available matrix stiffness, I hardened these networks by the introduction
of cross-links and studied the impact on the viscoelastic response. In deed, this system
is a promising candidate as a programmable substrate with high biocompatibility.
The organization of this thesis follows a classical scheme. The origin of polymer
physical models, together with the hitherto and novel experimental model systems are
described in great detail with all their advantages and shortcomings in Chapter 2.
Chapter 3 illustrates the techniques employed, complemented by the materials, their
production and the concrete preparation of the samples. The confirmation of the semi-
flexible nature of the DNA n-HTs in conjunction with the central study on the macro-
scopic/microscopic stiffness correlation is presented in Chapter 4. These results are
set into context with existing experimental and theoretical work on semiflexible poly-
mer networks, while implications for theory and future applications are discussed in
Chapter 5. Appendix A deepens some calculations that went beyond the scope of
the background Chapter 2. Appendix B provides step-by-step protocols with detailed
recipes to enable the interested reader to repeat and extend the presented experiments.
4
2. Background
How are macroscopic and microscopic stiffness related in the case of semiflexible poly-
mers? This chapter serves to seize this question and provides a profound understanding
of the theoretical and experimental state-of-the-art. We will introduce the statistics
of single, individual filaments of different classes and proceed with several approaches
aiming towards network properties in Sec. 2.1.1. The basic concepts in rheology – the
field assessing such mechanical properties – are explained in Sec. 2.2. In Section 2.3 this
theoretical treatment is complemented with a review of different experimental model
systems with actin among them the most prominent and best studied. We will name the
limitations of each model system and present a new system – DNA n-Helix Tubes. This
programmable synthetic material has the ability to address the relation of microscopic
and macroscopic stiffness. Section 2.4 discusses previous studies on this problem.
2.1. Theoretical Models
2.1.1. The Individual Filament – an Introduction
The conformation, i.e. the spatial arrangement, of individual thin and long chain
molecules is subject to theoretical treatment for quite some time now. Here, we summa-
rize the fundamental theoretical concepts starting from the very idealized freely-jointed
chain, successfully applied to synthetic polymers, increase step-by-step in complexity
and arrive at the worm-like chain, eventually. The latter is believed to capture all cen-
tral mechanical and statistical aspects of the biopolymers that make up the cytoskeleton
and its environment.
I present the deduction of several observables, e.g. mean end-to-end distance 〈R〉,
mean-square end-to-end distance 〈R2〉 or force-extension relations, that may meet ap-
proval by actual experiments. This set of observables is by no means complete. It
rather enables the reader to follow the line of argumentation to grasp the origin of the
physical relationships we seek to examine in this work. All these approaches ignore in-
teractions between distant chain segments, e.g. self-avoidance and are therefore termed
ideal chains, that are inextensible.
2.1.1.1. Freely-Jointed Chain
The freely-jointed or Gaussian chain assumes a really simplified situation (Doi and
Edwards 1986). Consider a linear chain of N straight segments, each of the same
length l with a random orientation in the joints (i.e. absolute bond angle ϑi ∈ [0, π]
and absolute torsion angle ϕi ∈ [0, 2π) in three dimensions, cf. Fig. 2.1(a)) (Rubinstein
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and Colby 2003). The absolute torsion angle ϕi is the deviation of ri+1 from the plane










with 1 ≤ i ≤ N describe the conformation comprehensively. The relative angle ϑij ∈
[−π, π) is given by
ϑij = ϑj − ϑi.





Since we defined a random orientation in the joints, 〈r〉 = 0, the mean end-to-end vector
vanishes as well, thus 〈RN 〉 = 0.1
A non-vanishing quantity of interest is the mean extension of the polymer coil, i.e.



































〈cosϑij〉 = l2N. (2.2)
In equation (2.2) we exploited the random orientations once more: 〈cosϑij〉 = 1 for
i = j and 〈cosϑij〉 = 0 for i 6= j. Hence the double sum yields N .
With a slight modification we can apply this ideal model to a huge class of flexible
polymers with non-vanishing steric hindrance such as polyethylene or polypropylene.
We introduce a virtual bond of length b, the Kuhn length, that subsumes several actual
bonds of length l such that adjacent virtual bonds show no correlation in their orien-
tation. We set this length such that contour length L and 〈R2〉 are identical with the
real polymer, but the N Kuhn segments of length b subsume several actual bonds of
length l
nl = L = Nb
C∞nl2 = 〈R2〉 = Nb2, (2.3)
1By 〈 〉 we refer to the ensemble average, which could either be fulfilled by a large number of different









(a) Freely-Jointed Chain: A representative
conformation in two dimensions of a flex-
ible polymer with the bond vector ri, the
absolute bond angle ϑi, the relative bond





(b) Freely-Rotating Chain: A partial represen-
tation. Distinct segments ri and rj are
shown with the neighboring segments of rj .
In three dimensions the bond angle ϑi−1,i is
in-plane with adjacent i− 1th and ith seg-
ment and its absolute value is set constant.
The torsion angle ϕ is random.
Figure 2.1.: The basic notation to describe the conformation of a polymeric chain suf-
ficiently. Either in the fully random case of the freely-jointed chain (a) or
the more restricted case of the freely-rotating chain (b).








we can express the Kuhn length in terms of actual bond number n and length l, and
realize that the Flory characteristic ratio C∞ accounts for local steric hindrance in a
real polymer. Coarse-graining renders this quantity dispensable and the real chain an
effective freely-jointed chain. Typical values of C∞ are on the order of 1 (Rubinstein
and Colby 2003, p. 53), with exactly 1 representing the case of an ideal non-interacting
chain.
2.1.1.2. Freely-Rotating Chain
The freely-rotating chain is a specialization of the freely-jointed chain. Again, it is a
linear chain of N straight segments of uniform length l but the orientation between
7
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joints is fixed to a single bond angle ϑi−1,i = ±ϑ. However, in three dimensions the
torsion angle is still free, restricting the successive segment to the surface of a cone
with opening angle 2ϑ (cf. Fig. 2.1(b)). This constraint might be realized by the steric
hindrance in chemical bonds. In polyethylene the bond angle between the backbone
carbon atoms is ϑ = 68°.
How is the polymer’s extension affected by this constraint? Let us consider the
mean-square end-to-end distance of the freely-rotating chain. The correlation between
adjacent bonds 〈ri ·ri+1〉 is simply l2 cosϑ when we recall the segment vector definition
(2.1). Further away from the initial bond and its orientation, only the projection onto
the initial bond contributes to the correlation. Per consecutive segment the correlation
decreases by the projection onto the initial segment
〈ri · ri+k〉 = l · (cosϑi,i+1 cosϑi+1,i+2 · · · l cosϑi+k,i+k+1)
= l2 cosk ϑ, (2.5)







since all bond angles are identical. Here, sp = −1/(ln cosϑ) denotes a correlation depth,
representing the number of bonds in a persistent segment.





















































' Nl2 1 + cosϑ1− cosϑ. (2.10)
In equation (2.8) we employed the rapid decay of ∑Nk cosk and extended both sums to
infinity at minimal penalty.2 The convergence of this geometric series is exploited in
(2.9). A comparison of the introduction of Kuhn length (2.4), the Flory characteristic
2 How rapid is rapid in this context? Rewriting the summand in (2.8) gives cosk ϑ = exp[−k/(ln cosϑ)],












Figure 2.2.: Worm-Like Chain: The curve r(s) is parametrized with the arc length
s ∈ [0, L] and contour length L. In r(s′) we denote t(s′) the unit tangent
vector t(s′) = ∂r∂s′ /| ∂r∂s′ |. R(s′′) is the start-to-r(s′′) vector and R(L) = R
the end-to-end vector.








N , but with an additional
stiffness offset (2.10). This is a common feature for short range interactions, where
the concept of Kuhn length can be applied. When we compare the freely-rotating
and freely-jointed chain we find that the additional factor in (2.10) is just the Flory
characteristic ratio C∞.
2.1.1.3. Worm-Like Chain
The worm-like or Kratky-Porod chain (Kratky and Porod 1949; Saitô, Takahashi, and
Yunoki 1967) takes the freely-jointed chain one step further by extending it to the
continuum limit. Let us return to the correlation of the freely-rotating chain (2.6).
By sp we just introduced a decay constant, that gives the characteristic number of
correlated segments that point in the similar direction. Multiplying with the bond
length, we obtain an actual length scale
lp = spl
and call this the persistence length. Hence the correlation (2.6) reads









The transition to a continuous curve is accompanied by l → 0 and ϑ → 0 while con-
serving persistence length lp and contour length lc. When calculating the mean-square
end-to-end distance (2.7) of the worm-like chain, each summation over bonds is replaced




































Two special cases are of particular interest and can be approximated.
For very floppy chains (L  lp) we should retain the result of the unconstrained



















We can relate4 the Kuhn and the persistence length and find b = 2lp.
In contrast, for very stiff chains (lp  L) we can expand the exponential in (2.12) at



























Now, the intriguing behavior manifests itself in between these two extremes. So-
called semiflexible polymers feature geometries on the scale of the persistence length.
Here, we can no longer ignore the filament’s backbone stiffness as bending becomes the
dominant factor.
3The detailed calculation can be found in (Rubinstein and Colby 2003).
4Comparing 〈R2〉 of the freely-jointed chain (2.2) with (2.13) and employing the definition of the Kuhn
length (2.3) we find this simple relation.
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2.1. Theoretical Models
Bending Energy: In the framework of the worm-like chain the following Hamiltonian
describing bending can be formulated. It is based on the classical bending of a rigid






with bending stiffness κ, bending radius R(z). Generalizing to an arbitrary curve r(s)





























We should note the relation between bending stiffness and persistence length. The
system is at finite temperature and the bending modulus is rescaled with thermal energy





In elasticity theory, E is the elastic modulus of the beam and I the area moment of
inertia (or second moment of area), a geometric factor. Hence, the bending stiffness
can be expressed via these quantities
κ = EI.
Importance of Bending: Besides the bending of a rod, determined by the bending
modulus κ = EI, other mechanical modifications might bear significant load. There is
torsion, with a modulus comparable to bending ∼ GI and extension, with a modulus
that scales as µ ∝ EA ∝ Er2, for a shear modulus G, cross-section area A and diameter
of the rod r.
The energy related to torsion would be of the same magnitude as with bending.
However, this would require strong physical cross-links at the handles of the torsion.
Moreover, typical worm-like chain polymers such as actin are prone to breaking under
torsion (Tsuda et al. 1996).
Extension under enthalpic tension is connected to different energy scales for the same
rod. For the same force, the rod is much less compliant to extension than to bending.
We will see in Sec. 2.1.2.2 that the linear (entropic) spring constant due to bending
scales as kκ ∝ κlpL−4. When we relate this to the enthalpic stretching spring constant







Hence, only on contour lengths shorter than (lpr2)1/3, enthalpic stretching will be softer
than entropic stretching based on filament bending. This is on the length scale of the
filament’s diameter r. In consequence, bending is the main mechanical response to
small deformation. The situation is different for large stresses. See Section 2.1.2.2 for
a detailed discussion.
Angular Distribution: From the Hamiltonian of a bent rod (2.15) we compute the
energy of a slightly bent rod, supported between two points of distance ∆s. Here, we
can express the bending radius R with the approximate arc length ∆s and the angle
of this circle segment ϑ by sinϑ ' ϑ = ∆s/R for small angle, i.e. large R. Hence, we
integrate in (2.15) over the entire distance ∆s between both supports and find for the









According to Maxwell-Boltzmann statistics, this results in the normalized angular dis-
tribution function










Tangent Correlation: Beyond the mean-square end-to-end distance (2.11), we can
consider another quantity, namely the tangent (2.16) and its mean-square correlation
(Doi and Edwards 1986, § 8.8)






Equation (2.21) holds in three dimension with two independent bending directions of
an elongated one-dimensional object. Confined to two spatial dimensions there is only
one degree of freedom of bending left, hence 2lp,3d = lp,2d. This relation (2.21) can be
directly employed to compute lp from actual contours.
2.1.2. Force-Extension Relations of Individual Filaments
The force-extension relation f(x) = dFdx describes the chain’s behavior when forces are
applied to its ends. We can calculate it from the free energy F that we are going to







Figure 2.3.: Tension Blob Model. The complete chain, consisting of N Kuhn segments
of length l is subdivided into N/g blobs of size ξ comprising g segments.
2.1.2.1. Freely-Jointed chain
We consider a linear ideal chain (freely-jointed chain) analogue to Fig. 2.3. Employing
scaling-arguments we derive the free energy F and the linear and non-linear force-
extension relation f(x).
The central aspect of this argumentation is the non-uniform distribution of conforma-
tional freedom across length scales. On the smallest scale a myriad of states contributes
to the entropy of the chain. Their number reduces when considering the scale of the end-
to-end distance Rx = 〈R2〉1/2. This fact has immediate implications on the relaxation
dynamics on different scales.
The actual chain (N Kuhn monomers) can be subdivided into blobs of size ξ contain-
ing g original Kuhn segments (of size l) that obey ideal chain statistics (2.2). Hence, the
square end-to-end distance of the inner chain, i.e. the size of the blob is proportional
to the number of Kuhn segments
ξ2 ≈ l2g. (2.22)














The blob size and number are chosen precisely so that small external forces align the
tension blobs in one preferred direction and the internal structure is unaffected, still
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fulfilling the requirements of an ideal chain. Thus, the entropy is reduced once per blob
















This is the universal entropic spring relation, characteristic for rubber elasticity. It
depends linearly on the absolute temperature in evident contrast to the elasticity in
e.g. metals. The restoring force is linear in spatial displacement. This linearity holds
for small displacements, when there are many segments within a tension blob. We can
write (2.25) in terms of blob size (2.24) and assume very few Kuhn segments in a blob,







Obviously, (2.25) captures only a small fraction of the freely-jointed chain dynamics.
It is therefore only coined the Hookean or Gaussian chain regime. Extending this
force-extension relation towards the complete freely-jointed chain picture requires the
consideration of stronger extension and abandoning the blob picture.
Again, we consider the linear ideal chain from Fig. 2.3 under tension f(x). Now we
formulate the internal energy
U = −f(x)Rx


















A thoroughly calculation of the geometry in polar coordinates (see Rubinstein and



























With the help of the Langevin function (L(β) = coth(β)− 1/β) we can rewrite this in
terms of normalized extension (α := 〈Rx〉/L) and normalized tension (β := (l/kBT )f)5
α = L(β). (2.27)
5In our derivation of the Hookean limit of the freely-jointed chain we only employed scaling arguments.










Figure 2.4.: Stretching a Worm-Like Chain. The notation differentiates between the
internal chain based reference frame with coordinates r(s) and its deriva-
tives with the natural parametrization s along the contour, as introduced
in Fig. 2.2. With external load f(x) we switch here the parametrization.
We introduce an external frame with the x-axis in the principal direction
of the chain. The chain is given by the displacement off of this axis u(x).
With no load present, the chain has an end-to-end distance Rx that devi-
ates from the contour length L by ∆l. At this rest length, the filament tip
fluctuates in a region δx2 × δu2.
In this notation, the Hookean entropic spring (2.25) is just
α = 13β. (2.28)
This is exactly the limit of the freely-jointed chain entropic spring (2.27) for very small
forces. I.e. β  1 and hence L(β) ≈ β/3. For very high tension (i.e. β  1), the
Langevin function can be approximated L(β) ≈ 1− 1β and thus α ≈ 1− 1β or
β ≈ 11− α. (2.29)
For the freely-jointed chain, the force diverges reciprocally proportional to the extension
when approaching full stretch.
2.1.2.2. Worm-Like Chain
The worm-like chain as introduced in paragraph 2.1.1.3 behaves on long scales (L lp)
merely as a freely-jointed chain. Hence, for small forces, the Hookean force-extension
of the freely-jointed chain (2.25) should be reproduced. However, the picture for strong
extensions is different, as first published by Bustamante et al. (1994) and Marko and
Siggia (1995).
Let us consider the Hamiltonian (2.18) of the worm-like chain again (cf. Kawakatsu
2004, § 2.6.2). Now, an additional term contracts the chain, counteracting the external
15
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force (Fixman and Kovac 1973; Yamakawa 1976)




where we aligned the end-to-end vector R(L) together with the external force f along
the x-axis (i.e. along the unit vector x̂) and denoted this as Rx (cf. Fig. 2.4). It is the













For a detailed calculation see appendix A.1.
In summary, the complete Hamiltonian of a worm-like chain under tension (cf. (2.18)
and (2.31)) can be written as






























We represent the displacements of the filament t⊥(s) by a Fourier transform of de-













With the help of both transformations ((2.34) and (2.35)), we can solve each term of









|̃t⊥(q)|2 dq − fL.
Assuming a thermal equilibrium of the chain, the equipartition theorem requires on
average an energy of 〈xn ∂H∂xn 〉 = kBT per degree of freedom (mode and dimension d)




















L(κq2 + f) . (2.37)
With this result, we can compute the mean extension (or end-to-end distance) of the
chain under load. From (2.31), we know the deviation introduced by the fluctuating



















and employ the mean displacements t̃⊥(q) provided by equipartition of energy (2.37)
















0 a/(x2 + b) dx = πa/
√
4b and expressed lp via κ (2.19).






or in dimensionless extension α := 〈Rx〉 /L and tension β := (lp/kBT )f
β = 14(1− α)2 . (2.39)
When we compare (2.39) to the high tension result of the freely-jointed chain (2.29), we
find a comparable behavior, however with prominent deviation in the scaling exponent
(cf. Fig. 2.5). The freely-jointed chain is more compliant when approaching asymptoti-
cally the full stretch 〈Rx〉 → L. Here, the tension diverges reciprocally to L−〈Rx〉. The
worm-like chain imposes more resistance to stretching. The extensional force diverges
reciprocally to the square of L − 〈Rx〉. This is the result of the conceptual differences
of the freely-jointed chain and the worm-like chain. The freely-jointed chain ignores
any conformational change below the bond length a. This additional contribution is
accounted for in the worm-like chain model, where this sharp cutoff is replaced by a
continuous bending rigidity present on all scales.
Combining this high tension limit (2.39) with the low force Hookean behavior of the
Gaussian chain (2.28) (L  lp) resulted in an interpolation formula first stated by
Marko and Siggia (1995)





Figure 2.5.: The force-extension relations of the freely-jointed chain ( , eq. 2.29) and
the worm-like chain ( , eq. 2.39) deviate at high forces. In the low
force regime freely-jointed chain and worm-like chain behave identical to a
Hookean spring (2.25). Experimental data of λ-Phage DNA confirms its
worm-like chain character. Here, individual DNA strands of uniform length
were immobilized at one end and equipped with a magnetic bead as handle
at the other end. Subjected to combined flow and magnetic fields, the
force-extension relation was obtained (S. B. Smith, Finzi, and Bustamante
1992). Figure reproduced from (Bustamante et al. 1994).
It was founded on experimental data of individual λ-Phage DNA strands, decorated
with a magnetic particle at one tip that were pulled by hydrodynamic flow and magnetic
force (cf. Fig. 2.5).
Short and Clamped Filament t(0) := 0: MacKintosh and others imposed an addi-
tional constraint to the configuration of the filament under tension (cf. Fig. 2.4) (Kroy
and Frey 1996; MacKintosh, Käs, and Janmey 1995). They set the orientation at the
clamped end parallel to the principal filament orientation, i.e. to the x-axis: t(0) = 0.
In particular, they studied the semiflexible case (L ' lp). As a result (cf. Appendix
A.1.4 for details), the linear force-extension in vicinity of the rest length 〈Rx〉 could be
calculated more explicitly







They obtained a spring constant of π4κ2/(kBTL4), which decreases with increasing
temperature, in strong contrast to the result for the freely-jointed chain (2.25) or long
worm-like chain (2.40).
Extensible (Enthalpic) Contributions: Complementing the entropic response, there is
a purely mechanical contribution from stretching the chain itself longitudinally (Broed-












where µ is the stretch modulus and l(s) is current contour length. We have already
shown in Sec. 2.1.1.3 on page 11, that even for short filaments of actin this contribution
is small compared to the entropic response (2.40) (Broedersz and MacKintosh 2014).
However, at high loads, the non-linear entropic contribution (2.40) diverges and the
enthalpic stretching (2.42) of the backbone governs the polymeric compliance. Thus
the force-extension relation (Fig. 2.5) does not simply asymptotically approach full
extension but linearly crosses the full contour length with a minuscule slope (Odijk
1995). The comprehensive force-extension relation is illustrated in Fig. 2.6. Note, the
flipped axes in contrast to Fig. 2.5.
Summary of Free Chains: In this section, we introduced the peculiar characteristics
of individual chain models. We have learned about the spatial extension of a polymer.
In the most simple case of a freely-jointed chain, its mean end-to-end distance
√
〈R2〉
increases with the square root of contributing segments (2.2). This scaling is the same
for the constrained freely-rotating chain, but with an additional stiffness offset given by
the fixed bond angle ϑ (2.10). It still holds for the continuous worm-like chain, if the
chain is long, L  lp (2.13). In contrast, the end-to-end distance of a rigid worm-like
chains (L  lp) scales directly proportional to the contour length, with some minor
correction (2.14). The region in between both extremes is highly interesting. Most
biopolymers actually fall into this class.
We have answered the question regarding whether chain polymers are Hookean springs.
Yes, on small forces they show a linear response in extension. Interestingly, this entropic
spring hardens with temperature and softens with the length of the polymer (2.25) or
persistence length (2.28) or (2.40). If the filaments length is on the order of the persis-
tence length, this behavior changes significantly (2.41). However, beyond a certain load
threshold (2.26), the tension diverges in both cases when approaching full extension.
The details of this asymptotic behavior depend on the rigidity of the chain (Fig. 2.5). A
long floppy chain can still be modeled as an freely-jointed chain and therefore its tension
diverges less strongly (2.29) than for a semiflexible worm-like chain with considerable
bending rigidity (2.40). Given a finite mechanical stretch modulus µ, the typical strong
divergence of the tension reduces to a linear relation (cf. Fig. 2.6).
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Figure 2.6.: The comprehensive force-extension relation of actin is non-trivial. The
Hookean response of the entropic spring on small forces is well-known ( ,
“Linear Entropic”, eq. 2.25). The diverging force when approaching full
extension L is a central aspect of the worm-like chain ( , “Nonlinear En-
tropic”, eq. (2.38) and Fig. 2.5). An additional finite backbone extensibility
yields a linear regime on high tension ( , “Enthalpic”). The complete re-
sponse ( ) is a superposition of these regimes. The inset illustrates the
linear nature of the “Linear Entropic” and “Enthalpic” asymptotes in a
double linear plot. Figure reproduced from (De La Cruz and Gardel 2015).
The Confined Filament: In preparation for the investigation of the interplay of many
individual filaments in a network, we will have a closer look at worm-like chain statistics
in a constrained environment. The problem of a chain in a tube has first been addressed
by Odijk (1983, 1984).
Let us consider a semiflexible polymer confined to a tube of diameter D. Confinement
occurs, when the probability of forming an arc within the tube readily vanishes. To
illustrate this we compute the bending energy of a filament just matching the confine-
ment tube. Hence, its radius of curvature R ≈ D/2 with a corresponding arc length

















Figure 2.7.: The transversal displacement R⊥(s) at distance s from fixed start of a
semiflexible filament ( ). Multiple realizations ( ) of the fluctuating
filament indicating this envelope R⊥(s).
When we enter typical values for actin (lp ' 10 µm), this conformation becomes unfa-
vorable for tube diameters below 30 µm.
Even for lengths much shorter than the persistence length, fluctuations are governed
by the confinement and the elasticity of the filament. So what volume or transversal
distance (i.e. tube radius D/2) does a semiflexible polymer explore in distance s from
its start point, fixed (s = 0) and aligned (t(0)) in the center of the tube (R⊥(0) =)?
Odijk (1983) addressed this question and employed moments of the end-to-end distance

















These are the mean-square extension 〈R(s)2〉 and the projected mean-square exten-
sion along the initial direction 〈(R(s) · t(0))2〉. According to Figure 2.7, the transversal
















This is Odijk’s famous result (Odijk 1983, 1984). This length scale s is given by tube size









l3e ∝ D2lp. (2.43)
Hence the free (non-colliding) filament length scales with confinement size ∝ D2/3 and
persistence length ∝ l1/3p .
2.1.3. The Network Level
In Section 2.1.2, we have introduced the single filament mechanics of worm-like chains.
Their mechanical response differs qualitatively depending on the type of the applied
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(a) Entanglement (Physical Cross-Link). (b) Cross-Link (Chemical Cross-Link).
Figure 2.8.: The Interaction Between Filaments.
stress. It varies with spatial direction and magnitude of the applied stress. The
force-extension relations of a single filament for bending and compression/stretching
are highly non-linear (cf. Fig. 2.6).
Combining several individual filaments adds another spatial scale. Here, the intercon-
nections of the chains start to play a crucial role. The simplest interaction between two
adjacent filaments is an entanglement (cf. Fig. 2.8(a)), where penetration (crossing) is
impossible. However, no attractive potential exists and thus lateral sliding is preserved.
This entangled regime is sometimes termed physically cross-linked in literature (Jaspers
et al. 2014) in order to distinguish from chemically cross-linked. Cross-links have a ma-
jor impact on the mechanical response of interconnected filaments (Fig. 2.8(b)). They
may be non-permanent, i.e. transient and thereby add additional stress and time de-
pendence. However, we will see what nontrivial impact even simple entanglements will
have.
When discussing networks, we consider solutions of individual chains at a concentra-
tion high enough to maintain short range interactions between chains. With increasing
concentration, the nature of deformation under external load changes significantly (cf.
Fig. 2.9) (De La Cruz and Gardel 2015). Dilute networks are deformed in a non-affine
way, i.e. not each chain is subjected to the same micro-scaled strain. Upon shear,
the filaments are distributed significantly different than in the relaxed state (i.e. non-
affine). In this bending dominated regime, some filaments are more bent than others and
carry substantially more load. This pictures changes with increasing filament density
or length. The frequent steric interaction lead to equal distribution of load throughout
the network. Under this affine deformation, chains are mainly stretched. The degree
of extension determines if the response is thermally (entropy) or backbone stretching
(enthalpy) dominated.
Starting from these premises, several models have evolved seeking to explain and
predict the macroscopic elasticity of worm-like chain networks. The elasticity is sized
by the real part of the complex shear modulus G = G′+ iG′′. To start with, G′ has the
character of a spring constant, interconnecting strain and stress
G′ = stressstrain . (2.44)
The art of assessing the complete viscoelastic material properties is termed rheology

















Figure 2.9.: The phase space of the predominant mechanical response of a network
to shear. Below a critical concentration and filament length there is no
interaction between filaments. The solution is too dilute. Adapted from
(De La Cruz and Gardel 2015).
In the following we will discuss some of the worm-like chain models that gained a lot
of attention through the last years.
2.1.3.1. Affine Network Model
As outlined before, the affine network model applies to concentrated networks. To
quantify this more profoundly, we compare mesh size with the intrinsic length scale of
the chain. The filaments are concentrated such that their effective free length Le ≤ lp.
An ensemble of chain segments of length Le, either given by the average cross-link
density or the entanglement length le, is embedded in a continuous background that is
subjected to a uniform shear deformation given through an angle θ. That is the essence
of the affine network model (MacKintosh, Käs, and Janmey 1995). The macroscopic
shear deformation is mapped affinely on the microscopic scale to each filament resulting
in a tensile load on individual filaments. Hence, the model heavily relies on the force-
extension relation attained above (cf. Sec. 2.1.2.2 and Fig. 2.4). Studying the linear





Again, we consult the general definition of the shear modulus (2.44). In the affine case
the macroscopic deformation characterized by angle θ is equivalent to the microscopic
strain. The small deformation is the product of strain and edge length δl = θLe. The










This is the plateau modulus in its general form provided by the affine network model.
In order to make a prediction on the macroscopic scale, we need to clarify the meaning
of the effective free length Le in analogy to the treatment in the previous paragraph
2.1.3.2.
In the densely cross-linked regime, the free filament length Le is just the mesh size ξ
with a cross-link in each interaction point. In conjunction with the correlation of mesh









The situation is different if we consider entanglements. We remember Odijk’s ap-
proach on the free length of a confined filament (Odijk 1983) as comprehensively treated
in Sec. 2.1.2.2 on page 19. The free entanglement length is determined by mesh size
and filament stiffness
l3e ∝ ξ2lp.
When we introduce this relation into the plateau modulus (2.46) with the mesh size





Although modeled as an entangled network, both characteristics have been observed
in the case of cross-linked actin networks (Gardel et al. 2004; Jaspers et al. 2014).
(Broedersz and MacKintosh 2014). The reason for this can be found in the (invalid)
assumption that tangential sliding is suppressed on time scales of the experiment (Morse
1998a). This holds only for cross-linked systems that are permanent over the course of
the experiment. Hence, the affine network model is regarded as representing cross-linked
systems correctly.
2.1.3.2. The Non-Affine Unit Cell Approach
The very successful work on Cellular Foams (Gibson and Ashby 1997) inspired Satcher
Jr and Dewey Jr (1996) to apply this model on networks of filamentous actin. In its
original implementation, the unit cell approach idealizes the network as a superposition
of squares (cells) with their edges being the filaments of finite rigidity. Load is trans-
duced normal to the faces, bending the rods perpendicular to the load direction in their




(a) The unit cell with edge length l.
The cross-section of the edge rod
is given by its side length t2.
(b) Under shear stress the load is transmitted through
central bending of edge rods by force F resulting in
deformation δ.
Figure 2.10.: The unit cell approach on actin network mechanics by Satcher and Dewey.
Figures reproduced from (Gibson and Ashby 1997).
In mechanical engineering, the Euler-Bernoulli-equation (Carrera 2011) describes the









with bending stiffness κ = EI, elastic modulus E, area moment of inertia I, the dis-
placement along the x-axis w(x) and curvature d2wdx2 , and the external (distributed) load
f(x) (Landau and Lifshitz 2006, vol. 7, § 20). Straight forward calculation yields the
second moment of inertia I of a beam with square cross-section (edge length t) I = t4/6
(Landau and Lifshitz 2006, vol. 7, § 17). The tabulated expression for a central point
force F on a beam of length l supported on both ends is w(l/2) = Fl3/(48κ). Accord-












When we think of this unit cell as a mesh of filaments, we can identify its edges of
length l by the mesh size ξ. We employ the mesh size scaling (2.47) and express the
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shear modulus in macroscopic quantities
G′ ∝ κc2 = lpc2. (2.48)
This approach was continued and refined by Kroy and Frey (1996). Again, they
employed the primitive cell to translate single polymer mechanics to the network level.
However, the mechanical response of the constituent filaments is implemented more
profoundly. In contrast to the naive athermal lateral bending of a rod (cf Fig. 2.10),
they employed an orientation-averaged force-extension relation of a worm-like chain
with arbitrary direction based on the linear force-extension of semiflexible chains (2.41).
Hence, the elastic modulus can be calculated from mesh size quantities
G′ ' cf̃el2e ,







ckBT if (lp  le),
cκ/le if (lp  le).
(2.49)
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A closer examination of this relation (2.49) led to the identification of three regimes
in the entangled phase, (i) rod-like (lp  le), (ii) snake-like (lp ' le) and the well estab-
lished flexible (' freely-jointed chain) regime (lp  le). Consideration of the accessible
space between entanglements enabled precise prediction of the scaling behavior. In the
entangled rod-like limit, thermal undulations are small compared to mesh size ξ and
do not account for macroscopic elasticity (Kroy and Frey 1996). Hence, it resembles
the scaling behavior of the cross-linked (or athermal) pendant (2.48) (Satcher Jr and
Dewey Jr 1996), where the entanglement length le simply equals the mesh size ξm. Both
feature an elastic modulus that scales as
G′ ∝ κc2.
In the snake-like regime (lp ' le), this equality of entanglement and mesh breaks down,
since thermal undulations are perturbed by the entanglement (Kroy and Frey 1996).
The accessible volume is given through Odijk’s scaling argument (2.43), where the




(a) Dilute. Bending dominated. (b) Five times concentrated, 5 times magnified.
Stretching dominated.
Figure 2.11.: A two-dimensional Mikado network at different concentrations. The load
distribution per filament is given in false color (low to high: blue to red).
Figure reproduced from (Wilhelm and Frey 2003).
These early unit cell approaches have their advantages in accessibility since they bor-
rowed from solid state physics and engineering. The averaging over random orientations
is included implicitly. Still, this picture is regarded as outdated for networks of long
biopolymers (Broedersz and MacKintosh 2014). Any long range correlation imposed
by filaments spanning multiple cells is simply ignored here. This motivated further
approaches.
2.1.3.3. The Non-Affine Mikado Model
The simplistic Mikado Model aims to describe the non-affine response of slightly cross-
linked stick networks at low concentrations below the affine limit (cf. regime Bending
in Fig. 2.9). “Simplistic” refers to the demonstrative implementation in computer sim-
ulations (Head, Levine, and MacKintosh 2003a,b; Wilhelm and Frey 2003). Individual
rigid filaments are deposited into a square and freely-hinged cross-links are established
at the intersections (cf. Fig. 2.11). Irrespective of the dominating contribution to
network elasticity (either stretching or bending modes), it was shown that the shear
modulus is proportional to the bending rigidity of the filaments (Head, Levine, and
MacKintosh 2003b; Wilhelm and Frey 2003).
The analytic theory on floppy modes focuses on the governing effect of low-energy
transversal bending modes (Heussinger and Frey 2006; Heussinger, Schaefer, and Frey
2007). A major prerequisite for the validity of this assumption is the finite length and
the high rigidity of the filaments, i.e. L  lp. At low concentrations the response is
non-affine and dominated by those soft bending modes. In this case the macroscopic
shear modulus scales as
G′ ∝ κc6.75,






(a) A test polymer with contour realization
r(s, t) ( ) of contour length L is confined
by the background of filaments to a tube of
diameter D ( ). Deflection off the tube
wall occurs on the scale of the entangle-
ment length le. The coarse-grained primitive
chain with mean contour 〈r(s)〉tτrep ( )
displays only longitudinal reptation but no
transversal fluctuation anymore.
(b) Semenov’s fragmentation of the tube to
estimate the tube width D. The prim-
itive chain ( ) is fragmented in freely
moving segments between entanglement
points ( ) imposed by other filaments
( ). Each segment is free to fluctuate
within its cylindrical tube ( ).
Figure 2.12.: The Tube Picture. A test filament with other filaments in the background
( ) with mesh size ξ.
2.1.3.4. The Non-Affine Tube model
Based on the work of the Nobel laureate Pierre-Gille de Gennes (1971) on the reptation
of polymers, Doi and Edwards extended this approach to flexible (Doi and Edwards
1978a,b,c, 1979) and stiff worm-like chains (Doi and Edwards 1978d,e).
The macroscopic modulus obtained in this picture was first (heuristically) deduced by
Isambert and Maggs (1996) and refined in a comprehensive study by Morse (1998a,b).
The complexity of the many body problem is reduced by studying a single test fila-
ment in the background of all other polymers subsumed by a cylindrical tube around
the filament. According to (Morse 1998b), the tube model is defined by the following
assumptions. (i) on short times scales each constituting polymer is confined to such a
tube with diameter D  lp, (ii) the polymers tangential motion is unaffected by the
tube and governed by viscous drag with the solvent, (iii) the tube itself is deformed
affinely with the macroscopic deformation of the network, and (iv) excluded-volume in-
teractions between polymers are neglected. However, implicitly they are incorporated,
as they lead to the confinement tube.
Different regimes in terms of concentration and stiffness are discussed. Below a
certain concentration threshold, chains are free to rotate unaffected by surrounding
chains. Beyond this dilute regime, the network is loosely-entangled and rotation and
translation are impeded. With increasing density the polymer’s shape is affected, i.e.
some bending modes are suppressed. This is termed the tightly-entangled regime. At
really high concentrations, the nematic phase sets in and the networks are anisotropic
and feature a preferred direction of the chains. Within the scope of this work, we focus
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on the tightly-entangled regime, where the confinement of long coil-like chains (L lp)
and shorter rod-like polymers (L lp) is comparable.
The model explicitly incorporates different origins of stress, i.e. the work associated
with bending a worm-like chain, the thermally driven randomization of orientations
and the stress due to tangential stretching. The thorough consideration of local equili-
bration and the residual stress leads to the following decomposition of partial stresses
on the embedded primitive chain. A curvature stress that subsumes deviations from
the (locally) equilibrated curvature of the tube, an orientational stress that measures
the residual orientational mismatch of the chain ends (at full equilibration they should
point in the same direction) and the aforementioned tangential stretching stress. The
















on heuristic grounds. It is a simple counting of the number of collision events to the free
energy: We multiply kBT by the number density of either entanglements links (G′curve:
ρ/le) or chains (G′orient: ρ/L). However, this result can be obtained by a calculation
of the stress on either the coarse-grained primitive chain or on the continuous contour
(Morse 1998a). The scaling for the tensile/compression modulus is just the same as
obtained by the affine model (2.46). The requirements of the tightly-entangled regime
demand le  L and le < lp and result in the hierarchy of the moduli
G′orient  G′curve  G′tens. (2.51)
However, their different relaxation times render all of these mechanism important on
their distinct temporal scales.
Eventually, the intermolecular stress due to sliding was found to scale as
G′inter ∝ kBTc2d,
with the polymer steric diameter d. This contribution is much smaller than the in-
tramolecular moduli (2.51). It dominates only the low frequency behavior of rod-like
networks at concentration as high as the critical nematic concentration cnem.
Ultimately, at high frequencies, the effect of the entanglement vanishes and tensile
stress is equilibrated along the same lines as MacKintosh, Käs, and Janmey (1995).
However, with increasing frequency, the critical length scales decrease – the upper bound
of equilibrated undulations. Hence, only higher and higher mode numbers remain for
this relaxation process, thereby increasing the viscoelasticity (Gittes and MacKintosh
1998). This results in a frequency depended viscoelasticity limit for short times




τrep ∝ L3 disengage by reptation
τend ∝ Ll2p randomize end orientation, L lp
τrod ∝ L2lp randomize end orientation, L lp
τφp ∝ l3e tension relaxation on λ = lp, L lp
τφL ∝ l3eL2l−2p tension relaxation on λ = L, L lp
τ‖ ∝ l3eL2l−2p tension relaxation on λ = L, L
√
Llp
τe ∝ l4e l−1p entanglement time, undulation of λ = le
τp ∝ l3p undulation of λ = lp
τL ∝ L4l−1p undulation of λ = L
τc ∝ l3pLαl−αp Rouse-Zimm time, L lp
Table 2.1.: Characteristic time scales for tightly-entangled solutions of worm-like chains.
Last three times listed apply only for loosely-entangled solutions. Adapted
and corrected from (Morse 1998b).
Above we have mentioned the relevance of time scales to the mechanic response. The
longest time in the tube model is the reptation time (or disengagement time). On
intermediate times, those different elastic contributions occur. For ultra short times,





and the tangential diffusion coefficient Drep, the characteristic time τ can be calcu-
lated. The distance to be covered is either ∝ L2 for reptation or ∝ l2p for orientational
relaxation of the ends
τrep ∝L2/Drep ∝ L3
τend ∝l2p/Drep ∝ lpL.
The relaxation of tension in the sense of MacKintosh, Käs, and Janmey (1995) (cf.
Sec. 2.1.3.1) obeys a different diffusion process, namely the diffusion of (wrinkled) fila-
ment density φ along the primitive chain. This results in the relaxation times for two
different spatial regimes, L  lp (τφp) and L  lp (τφL), respectively. A qualitative
deduction is comprehensively given by Morse (1998b).
In most cases, the fastest process is the relaxation of undulations shorter than the
entanglement length. On the scale of this entanglement time τe, the primitive chain
is ignored completely. However, for really short filaments (L  √Llp), the tangential
relaxation of tension τ‖ can be even faster.
Low concentrated solutions, i.e. the unentangled or loosely-entangled chains, are
dominated by the relaxation of unconstrained undulations. The characteristic wave-
length of long, coil-like chains is the persistence length with the corresponding time
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scale τp. However, rod-like chains are limited to wavelength of L and an associated
time scale τL. Beyond this, long coil-like chains feature a terminal relaxation τc accord-
ing to the Rouse-Zimm model of the dynamics of unentangled polymers (Rouse 1953;
Zimm 1956). An overview of these relevant time scales is given in Tab. 2.1.
The combination of various regimes that differ in magnitude, relaxation time, their
scaling with contour length L, persistence length lp and concentration yields a non-
trivial response function G as elaborated by Morse (Morse 1998a,b, 1999). This fre-
quency dependent viscoelasticity G(ω) is comprehensively depicted in Fig. 2.13 for
different ratios L/lp and different concentrations c.
So far, the treatment of the tube model has been focused on the test filament. Morse
continued his study by developing two analytical approximations modeling the back-
ground chains and the resulting tube diameter (Morse 2001). (i) The binary collision
approximation (BCA) assesses the interactions with colliding medium filaments in de-
tail, whereas (ii) the effective medium approximation (EMA) treats the background as
an elastic continuous medium with a shear modulus equal to the macroscopic modulus
that balances the test filament’s fluctuations. Both analyses yield actual prefactors and
obey the following scaling law for the elastic plateau modulus
G′BCA ∝ c7/5l−1/5p (2.52)
G′EMA ∝ c4/3l−1/3p . (2.53)
The scaling of the binary collision approximation has been previously obtained analyti-
cally (Isambert and Maggs 1996; Morse 1998b) and experimentally (Hinner et al. 1998;
Jiayu Liu et al. 2006). A detailed study revealed the distribution of the tube width
in the binary collision approximation (Glaser et al. 2010; Glaser and Kroy 2011). The
derivation focuses on the curvature contribution to the elastic modulus G′curve (2.50)
and expresses Odijk’s entanglement length le (2.43) by lp and concentration.
Semenov provided the following argumentation to relate filament density with the
tube dimensions (Semenov 1986) (cf. Fig. 2.12(b)). In order to estimate le, he counted
the number of collision/penetrations of the tube with other filaments. This number
should be proportional to the total contour length per unit volume νL ∝ c and the
surface area of the cylinder 2πleD. Hence
N ∝ cleD.








We know the transversal range a worm-like chain explores (i.e. tube width D) from
Odijk’s geometric arguments (Sec. 2.1.2.2 on page 19) and express D by le and lp via





∝ c−2/5l1/5p . (2.55)
Thus, the elastic response originating from the local deviations from the tube backbone
G′curve (2.50) is
G′ ∝ kBTc7/5l−1/5p .
Numerically, both predictions BCA (2.52) and EMA (2.53) are quite close in the
scaling exponent of concentration and thus hard to discriminate experimentally.
2.1.3.5. Theoretical Scaling of Tube Width and Mesh Size
The mesoscopic quantity ξ depends first and foremost on the macroscopic concentration.
According to (2.47), this relation is simply ξ ∝ c−1/2 (C. F. Schmidt et al. 1989). In
the terminology of reptation, we would like to compare this to the microscopic quantity
D, the tube width. Via the entanglement length, we can combine Odijk’s geometric
argument (2.43) and Semenov’s counting of collisions (2.54). With the help of the mesh
size scaling (2.47), we obtain from both
DBCA ∼ ξ6/5l−1/5p , (2.56)
according to (Morse 2001).
This holds under the binary collision approximation in the tube picture (Morse 2001).
Adapted for the effective medium approach, this scaling is independent of persistence
length and scales
DEMA ∝ ξ ∼ c−1/2.
More recently, the BCA scaling (2.56) was corrected for finite contour length effects
(Hinsch, Wilhelm, and Frey 2007). An additional term account for the fact that fila-
ments with a longer contour length L “feel” more of the surrounding network (Hinsch,
Wilhelm, and Frey 2007). This results in the relation
D ∝ 0.31 ξ6/5l−1/5p + 0.56 ξ2L−1, (2.57)
which we will later use in Sec. 4.3 to compute the mesh size implicitly, given that

























(a) The tightly-entangled regime is dominated by a broad elastic plateau
for times shorter than the reptation time τrep and longer than ten-
sion relaxation mechanisms (τφL and τφp) in the spirit of MacK-
intosh (MacKintosh, Käs, and Janmey 1995). This tensile plateau
above might be covered by the (unentangled) high frequency limit


































Coil-like, L  lp
G′/c
(b) Coil-like Chains: In addition to the tightly-
entangled (T) regime, loosely-entangled (L)
and dilute (D) regimes are shown. At low
concentrations, a flexible chain plateau and
Rouse-Zimm like dynamics of free flexible
































Rod-like, L  lp
G′/c
G′′/c
(c) Rod-like Polymers: The main difference to
coil-like chains is the occurrence of a low
frequency orientation dominated plateau
and the absence of a tension based plateau
for short (L (lple)1/2), tightly-entangled
chains (Tl). Chains of intermediate length
feature coil-like behavior (TL).
Figure 2.13.: The frequency and concentration dependence of the shear modulus G for
worm-like chains given by the Tube Model. Predominant contributions
are named. Slopes denote frequency exponent G ∝ fα. Scaling with




Rheology, the Greek compound of ῥέω, rhéō, “flow” and -λογία, -logia, “study of”, is the
science devoted to the study of deformation and flow of matter. It comprises parts of
the fields of elasticity, plasticity and fluid mechanics. Its early roots stem from ancient
Egypts when the Nomarch Amenemhet constructed the first documented water clock
that accounted for the different viscosity of water due to the course of the temperature
over day and night (Doraiswamy 2002). In modern history, the foundations were led
by Sir Isaac Newton in his seminal piece Philosophiae Naturalis Principia Mathematica
(Newton 1729). Among other topics, he defined the strain-rate-independent viscosity.
Nowadays, such linear viscous matter is known as Newtonian fluids. Robert Hook is
tightly connected to elasticity, famous for the Hookean Law (Landau and Lifshitz 2006,
vol. 7, § 4).
The field of fluid mechanics was further developed in the 19th century by physi-
cists such as Sir George Gabriel Stokes, Claude Louis Marie Henri Navier (Landau and
Lifshitz 2004, vol. 6, § 15), Gotthilf Hagen and Jean Léonard Marie Poiseuille (Lan-
dau and Lifshitz 2004, vol. 6, § 17). Later British men such as James Clerk Maxwell
(Landau and Lifshitz 2006, vol. 7, § 36), William Thomson, 1st Baron Kelvin (Landau
and Lifshitz 2006, vol. 7, § 8) and John Henry Poynting advanced the field of complex
viscoelasticity. The Leipzig-based colloid chemist and physicist, Wolfgang Ostwald con-
tributed substantially to the field of non-Newtonian fluids with a strain-rate-dependent
viscosity.
We will briefly revisit the mathematical description of both, elastic and viscous de-
formations. These results will be combined in the treatment of viscoelastic materials,
where we study the response functions to simple excitation motifs (Tschoegl 1989).
Upon external stress or strain, a body responds in correspondence to its internal relax-
ation mechanisms. These mechanisms require finite time and determine the character
of the material, either elastic, viscous or an intermediate of both.
2.2.1. Elasticity
In an elastic material, these relaxation times are ideally infinite. The deformation energy
is stored and recovered completely upon release of the external load. Steel at deforma-
tions as small as one to two percent is such a purely elastic material. In the following,
we will devise the toolbox to describe the linear elastic response to deformation.
Consider the deformation of an isotropic arbitrary continuous medium. By
ui = x̂i − xi
we denote the local deformation in point u before and after deformation (positions xi
and x̂i, respectively).6 We are interested in the distance dl between very close points
before
dl2 = dxi dxi
6Note the usage of the Einstein notation in this section.
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and after deformation (Landau and Lifshitz 2006, vol. 7, § 1)
dl̂2 = dl2 + 2γik dxi dxk















The tensor is symmetrical and can be diagonalized at any given point. For small strains
the last term in (2.58) vanishes, since it is second order.
With the simple Hook’s law in mind, that deformation x is proportional to the applied
forces f
f = kx,
we seek to find a more general expression and start from the free energy (Landau and
Lifshitz 2006, vol. 7, § 4). The free energy F must not have a strain-tensor term of
linear order. Expanding the scalar valued F to second order in the strain tensor gives





since only the squares of the diagonal components and the squares of all components
yield scalars. λ and G′ are the Lamé coefficients. Regrouping into pure shear γik and
hydrostatic compression terms γll gives





with shear modulus G′ and bulk (or compression) modulus K ′ (cf. Fig. 2.14(a) and
(b)).7 The existence of a thermodynamic equilibrium requires a minimum of the free
energy. Hence, from (2.59), it follows that the moduliG′ andK ′ are non-negative. When
we employ the definition of the stress tensor σik = ∂F∂γik |T at constant temperature, we
find the generalized Hook’s law
σik = (K ′ −
2
3G
′)γllδik + 2G′γik. (2.60)
The inverse of the moduli K ′ and G′ are the bulk and shear compliance, respectively.
Let us consider the simple extension (or compression) of a rod oriented along the
z-axis (cf. Fig. 2.14(c)). The force acting uniformly on the end faces per unit area is
the stress σ. The remaining faces are force free and thus all γik = 0 for i 6= k in (2.60).
We obtain for the deformation perpendicular and parallel to the force






































(c) Young’s modulus E′ in uni-
axial elongation.
Figure 2.14.: The three pure forms of elastic mechanical deformation are connected to
specific moduli characterizing the response. The macroscopic deformation
is ∆x = x̂ − x. The strain γ = ∆x/x is the normalized deformation. By
definition, the stress σ is normalized with the unit area.
This relationship represents a compression laterally on a tensile force extending in z-
axis and vice versa. The inverse of the proportionality constant for uzz in (2.62) is the
so-called modulus of extension or Young’s modulus:
E′ = 9K
′G′
3K ′ +G′ . (2.63)
The ratio of the prefactors in axial extension (2.62) and lateral compression (2.61) is
termed Poisson’s ratio
ν = 12
3K ′ − 2G′
3K ′ +G′ ,
with −1 ≤ ν ≤ 1/2. Together, E′ and ν form a sufficient set to describe the elas-
tic properties of an isotropic body comprehensively. Bulk and shear modulus can be
expressed in terms of Young’s modulus and Poisson’s ratio:





2(1 + ν) .
2.2.2. Viscosity
Returning to the timescales of relaxation processes, we consider now the other extreme
of immediate rearrangements. This rapid relaxation is typical for purely viscous mate-
rials such as water. Neither is energy stored, nor can be recovered. It is fully dissipated
as heat during deformation. However, we are able to derive the motion of viscous fluids
in close analogy to the previous section on elasticity (Tschoegl 1989).
From the central Navier-Stokes-equation, the analogy to Newton’s second law for fluid
mechanics, we can obtain the generalized Newtonian law of a fluid in the absence of an
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external static pressure (Landau and Lifshitz 2004, vol. 6, § 15)
σik = (ξ −
2
3η)γ̇llδik + 2ηγ̇ik. (2.64)
with strain rate ∂γik∂t = γ̇ik =
∂vi
∂xk
+ ∂vk∂xi , its trace γ̇ll and flow velocity vi. In close
correspondence to (2.60), we find the coefficients ξ and η, the bulk viscosity and the
(dynamic) viscosity, respectively. In the case of an incompressible fluid, the first term
in (2.64), the rate dilation term, vanishes. The viscous analog to the Young’s modulus
is elongational viscosity or Trouton’s coefficient of viscosity ζ. Again, in close analogy
to the theory of pure elasticity, it is defined as the Young’s modulus (2.63)
ζ = 9ξη3ξ + η .
Complementary to the elastic coefficients G′, K ′ and E′, we have identified a set of
viscous coefficients that characterize the ideal shear conditions of pure shear (η), dila-
tion/compression (ξ) and uni-axial elongation (ζ).
2.2.3. Viscoelasticity
Beyond the extremes of infinitely fast or slow relaxation, finite rearrangement times
govern the material’s response. Depending on the ratio of its intrinsic relaxation time
to the experiment time
D = τmat
τexp
the response is predominantly elastic (D  1) or viscous (D  1). If this Deborah
number D is at the order of unity, the material is viscoelastic (Reiner 1964). As an
immediate consequence, the material constants (E′, G′, η, ξ etc.) need to become time
dependent material functions.
The unification of Hook’s law (2.60) and the Newtonian law (2.64) yields a constitu-
tive equation of the form8
σ + a ddtσ = bγ + c
d
dtγ. (2.65)
This linear viscoelastic behavior with constant coefficients applies to all infinitesimal
(small) deformations up to a certain magnitude of strain.
We will introduce three simple excitations that are straight-forward to perform exper-
imentally and discuss the response for ideally elastic, viscous and viscoelastic materials
(Fig. 2.15). The exact physical realization of the mathematical form is strictly impossi-
ble, since we will employ steps with infinite slope or steady-state oscillations that should
have lasted forever. However, their physical approximation is good enough that their
mathematical consideration can be neglected. Beyond the obvious exertion of strain,
the stress can be the subject of excitations in the following examples. In this case, the
response in form of the strain is studied.
8Be a = 0, b = G′ and c = η, we find the constitutive equation of an incompressible material with the














(a) Step Excitation with
purely elastic ( ) and












(b) Slope Excitation with
purely elastic ( ) and
















sponse ( ) and phase
angle δ.
Figure 2.15.: Basic Excitations. Time course of strain ( ) and the response function
(stress) for purely elastic ( ), purely viscous ( ) and viscoelastic ( )
matter.
2.2.3.1. Creep Test
In the step excitation or creep test (cf. Fig. 2.15(a)), an immediate displacement is
impressed on the relaxed body
γ(t) = γ0H(t− 0).
The purely elastic response obeys the same Heaviside step function. In contrast, the
viscous response reproduces the discharge of a capacitor. It jumps to an initial value
σ0 at t = 0 followed by an exponential decay.
2.2.3.2. Constant Rate of Strain
The slope excitation or constant rate of strain test (cf. Fig. 2.15(b)) is characterized by
a steady increasing strain
γ(t) = γ̇0t.
The ideally elastic response is the steady elongation of a spring, thereby linearly in-
creasing the strain. The response of a purely viscous material is easy to grasp. The
viscous stress is a constant σ0 from t = 0 until the end of the strain ramp.
2.2.3.3. Dynamic Excitation
The harmonic, sinusoidal or dynamic excitation (cf. Fig. 2.15(c)) is a special mode of
excitations due to its sensitivity, reproducibility and spectral resolution. Many of the
data in this work was acquired in this very popular experimental mode. The strain
oscillates with an amplitude γ0 at an angular frequency ω
γ(t) = γ0 sin(ωt). (2.66)
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The steady-state response is free of transient exponential contributions and is coherent
to the excitation with a certain phase difference δ = δ(ω)
σ(ω) = σ0(ω) sin (ωt+ δ(ω)) . (2.67)
This can be represented with the complex shear modulus
G∗ = G′ + iG′′ = G̃ exp[iδ]
comprising storage/elastic (G′) and loss/viscous (G′′) modulus by the following consti-
tutive equation
σ(ω) = G∗(ω)γ(ω). (2.68)
Both equations (2.67) and (2.68) are equivalent and connected via the loss angle δ and
the absolute modulus G̃
tan δ(ω) = G
′′(ω)
G′(ω) (2.69)
G̃ = |G∗| = (G′2 +G′′2)1/2.
We see, that the loss angle δ is always positive, since the moduli are positive (cf.
previous sections). In consequence, the stress (2.67) always leads the strain as indicated
in Fig. 2.15(c).
This experiment was chosen such that elastic, viscous and the hybrid thereof can be
continuously represented. The ratio of elastic and viscous parts was given explicitly
above in (2.69). The loss angle for purely elastic materials vanishes and strain and
stress are completely in-phase. In contrast, the ratio (2.69) diverges for purely viscous
matter. The strain lags behind the stress by δ = 90°. For real viscoelastic materials,
this ratio is on the order of unity and 0° < δ < 90° as illustrated in Fig. 2.15(c). The
different relaxation times are probed by tuning the excitation frequency over a wide
range, the so-called frequency sweep.
2.2.3.4. Series-Parallel-Models
In contrast to the dynamic excitation, we did not give viscoelastic responses for the
“simple” step and slope excitations. As it turns out their response depends heavily on
the internal coupling of elastic and viscous contributions. With reference to electrical
circuits, we briefly introduce primitive models of viscoelastic coupling in this section.
The preceding paragraph on oscillating excitation and different elements that poten-
tially store or dissipate energy suggests the analogy of an electric circuit. Indeed, we
can learn a lot from this field and apply it to the mechanical response of matter. The
actual framework depends on the identification of excitation and response to either volt-
age/force and current/velocity (or displacement) or vice versa. The most obvious and
self-contained is the electrostatic analogy to translational motion (Tschoegl 1989, § 3.2).
Here, inductance and mass, resistance and viscous friction, and reciprocal capacitance
and elasticity are analogues.
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(a) Kelvin-Voigt-Model of a viscoelastic
solid. Spring and dashpot in parallel.
(b) Maxwell-Model of a viscoelastic fluid.
Spring and dashpot in series.
Figure 2.16.: Simple Mechanical Circuit Models.
Based on these assumptions, we can draw circuits comprising those two-terminal
elements (cf. Fig. 2.16). The Kelvin-Voigt model (of solids) is a just a parallel RC-
circuit of a dashpot and a spring. Whereas theMaxwell model (of fluids) is anRC circuit
in series of the same elements. The response to step or slope strain is fundamentally
different in both models. In particular, the long term and recovery behavior differs.
The latter will flow apart on steady stress, whereas the Kelvin-Voigt-model will extend
to an ultimate strain. Both models are called three-parameter models, since they feature
three non-zero parameters in the constitutive equation for linear viscoelasticity (2.65)
(Kelvin-Voigt: a = 0, b = G′, c = η, Maxwell: a = λ, b = 0, c = η). More complicated
materials can be modeled as a combination of those Maxwell and Kelvin-Voigt elements.
2.3. Experimental Model Systems
Here, established and novel polymers, either biopolymers or synthetic in origin, are
presented that fall into the class of semiflexible polymers. Their properties, such as
structure, persistence length, contour length, extensibility, tendency to form cross-links
and the possibility for their deterministic adjustment are compiled. Based on this
analysis, their suitability as an experimental model system to study tightly-entangled
semiflexible networks is discussed.
DNA nanotechnology has the ability to provide such materials that can serve as such
ideal experimental model systems. The basic concepts of DNA nanotechnology are
briefly introduced and the structural programming of the so-called DNA n-helix tubes
is comprehensively explained.
2.3.1. Actin - an Established Model System
Found in all eukaryotic cells, actin is the archetypical filament defining the class of
semiflexible polymers.
The fundamental building block is the ∼ 375 amino acid long and ∼ 42 kDa heavy
monomer forming a globular (G-actin), oblate tertiary structure (cf. Fig. 2.17). Along
the stacking direction these monomers are 3.5 nm in height and 5.5 nm× 5.5 nm in
transversal direction (Kabsch et al. 1990). Small and large domains (with sub-domain
1 and 2, sub-domains 3 and 4, respectively) are formed by the polypeptide chain framing
a central cleft. Here a divalent cation, either Ca2+, or Mg2+ is bound and complexed
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small domainlarge domain





(b) Ribbon representation to highlight the cen-
tral binding site.
Figure 2.17.: The Actin Monomer (G-Actin). The light spheres depict the divalent
cation Ca2+. In the center, where all sub-units are connected, an ADP
nucleotide is bound together with the primary Ca2+. Additionally, a
tetramethylrhodamine-5-maleimide fluorophore is covalently bound to the
Cys 374 residue, indicated by the stick model at the sub-domain 1. The
pictures were rendered with PyMOL using PDB code 1j6z (Berman et al.
2000). Crystallographic information was derived from (Otterbein, Grac-
effa, and Dominguez 2001).
with the adenine nucleotide ATP, ATP Pi or ADP. Both exchange of the central cation
and the hydrolysis of ATP to ADP accompany the polymerization of actin from the
monomeric to the filamentous state.
From the individual protein G-actin, the functional units, actin filaments (F-actin)
assemble. By a stacking along the short axis of the oblate monomer (axial translation
of 2.75 nm) and an almost half turn rotation of ∼ 166° around the filament axis, the
filament appears as two right-handed long-pitch helices twisting around each other
(Egelman 1985) (cf. Fig. 2.18). Hence, a full right-handed turn is completed after 13
sub-units, 6 left-handed turns or ∼ 36 nm (Holmes et al. 1990). The filament is 9 nm
in diameter with the large domain (sub-domain 3 and 4) being close to the filament
axis and the small domain (sub-domain 1 and 2) more peripheral (Holmes et al. 1990).
The filament polymerizes at both ends. However, the exposure of different facets of the
monomer at the different ends yields different binding kinetics. The fast growing end
is termed barbed or plus end, whereas the less affine end is termed pointed or minus
end. Following the right-handed description, the pointed end is in axial direction,
whereas the barbed end is at the opposite end (cf. Fig. 2.18). In the absence of
modulatory actin-binding proteins, the exponential contour length distribution with a





Figure 2.18.: Actin filament comprising 13 monomers yields a closed turn due to the
non-symmetric 166° rotational shift per sub-unit. This corresponds to
a length of 36 nm and 6 left-handed turns. Since the rotation per sub-
unit is close to π/2, the actin helix morphologically appears as two right-
handed helices which twist slowly around each other, suggested by light
and dark colored monomers (Holmes et al. 1990). Plus (barbed) and minus
(pointed) end are indicated. Amended graphic (Splettstoesser 2006).
Actin is a linear polyeletrolyte with a line charge density of about 4 e nm−1 (Tang
and Janmey 1996).
Actin as a Semiflexible Polymer: The mechanics of the single actin filament has been
subject to a high number of studies.
From a polymer physics perspective, it is treated as a worm-like chain (Kratky and
Porod 1949) with a contour length to persistence length ratio that renders it semiflexible.
The persistence length in standard physiological conditions (approximately 100 mM
KCl, 1 mM MgCl2, 0.2 mM ATP, pH 7.5) is approximately 10 µm (De La Cruz and
Gardel 2015) and has been verified in numerous studies of free fluctuating F-actin
(Greenberg et al. 2008; Isambert et al. 1995). Beyond its entropic nature, actin is
linearly extensible along the backbone (cf. Fig. 2.6) at really high tension with a finite
Young’s Modulus of ≈ 2 GPa (Higuchi, Yanagida, and Goldman 1995).
Alteration of Actin’s Persistence Length: A number of actin binding proteins (ABP)
interfere with actin’s tertiary structure, thereby affecting this native persistence length.
Historically, actin filaments were first fluorescently stained in fixed cells employing
the rhodamine conjugated mush room toxin phalloidin (Wulf et al. 1979). This ABP
enabled the visualization of individual free actin filaments in vitro (Kaufmann et al.
1992; Yanagida et al. 1984), but lead to an overestimation of the persistence length of
actin (Gittes et al. 1993). This discrepancy was resolved by a direct rhodamine stain
of actin, yielding a persistence length for bare actin of (9.0± 0.5) µm and (18± 1) µm
for phalloidin stabilized actin (Greenberg et al. 2008; Isambert et al. 1995). In addi-
tion to the stabilization of the bending modulus, phalloidin “interlocks” adjacent actin
monomers within the filament and slows down the depolymerization rate drastically
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(a) Histogram of the length distribution of
actin filaments from double gel-filtrated
actin. A characteristic mean length of ap-
prox. 7 µm was obtained from the exponen-
tial fit ( ).















(b) Residual capping proteins shorten the
mean filament length in single ( ) gel-
filtrated actin in contrast to double ( ) gel-
filtrated actin. Annealing/fragmentation is
essential to model both distributions cor-
rectly ( , ). Discounting this effect
fails to describe the data ( ).
Figure 2.19.: The length distribution of actin is exponential and concentration-
independent for double gel-filtrated actin (data , and model ). Data
from (Sept et al. 1999).
(Estes, Selden, and Gershman 1981) reducing actin’s critical concentration more than
one order of magnitude (De La Cruz and Pollard 1996).
While resolving the phalloidin staining artifact in persistence length, tropomyosin
was identified to increase lp in a comparable manner (Isambert et al. 1995). This ABP
orchestrates the acto-myosin complex during the contraction of the striated muscle.
Tropomyosin decorates the actin filament axially along one helix preventing the binding
of the myosin-II head domain. The presence of Ca2+ triggers the shift of tropomyosin
and promotes myosin’s power-stroke (Nabiev et al. 2015). Decorated with tropomyosin
the actin filament can be twice as stiff, depending on the origin of the protein (smooth
or skeletal muscle) (Greenberg et al. 2008).
In the same study, the caldesmon fragment H32K was shown to have a comparable
effect on rigidity as smooth muscle tropomyosin (Greenberg et al. 2008). In contrast to
tropomyosin, this caldesmon fragment binds actin non-axially, thereby interconnecting
adjacent strands.
Complementary to the stabilization of F-actin, several ABPs decrease lp along with
affecting the length distribution. Calponin decorated filaments are more flexible, which
manifests in a shortened persistence length of ∼ 5.8 µm (Jensen et al. 2012). This
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softening is accompanied by a lowered mechanical stability, displayed in a higher frag-
mentation rate upon shear. Filaments are severed by strain much more easily (Jensen
et al. 2012).
Cofilin displays an intriguing effect. At low concentration, cofilin severs and actin
filaments are depolymerized. However, at high concentration, new actin filaments are
nucleated (Andrianantoandro and Pollard 2006). Cofilin decorates the filament in a
cooperative, continuous manner. The persistence length of cofilin decorated F-actin
segments is four-fold reduced to 2.2 µm (McCullough et al. 2008). Severing occurs at
the boundary of decorated and bare sections due to mechanical asymmetries (De La
Cruz 2009).
The state of the complexed adenine nucleotide affects the persistence length slightly.
A filament formed from non-hydrolyzable F-ADP-BeF3-actin mimicking F-ATP-actin
features a persistence length of 13.5 µm (Isambert et al. 1995). In steady state, rapid
hydrolysis renders F-actin mainly composing F-ADP-actin (> 95 %), diminishing the
influence of F-ATP-actin (Kang et al. 2012).
The cation complexed with the adenine nucleotide alters polymerization kinetics dras-
tically (Pollard 1986) but does not change the flexural rigidity (Isambert et al. 1995).
However, divalent cations significantly impact rigidity in a different way. A non-central
binding site in sub-domain 2 of the actin monomer (cf. Fig. 2.17(b)) has a major sen-
sitivity to the presence of a divalent cation (Kang et al. 2012). Molecular dynamics
simulations revealed this peripheral site to be crucial for the inter-monomeric binding
strength (cf. Fig. 2.20). Hence, the presence of a divalent ion (Ca2+ or Mg2+) modulates
the persistence length from 3.5 µm to 12.7 µm (Hocky et al. 2016). Here, the stiffness
increases with increasing cation concentration (Kang et al. 2012). This observation
is in contrast to the theoretical picture on electrostatic screening of polyelectrolytes
(Manning 2006). Hence, the stiffening due to cations was not attributed to generic
electrostatic effects (Hocky et al. 2016; Kang et al. 2012). The formation of isotropic
networks from such cation-tuned actin filaments is heavily impaired. Counter-ion in-
duced bundling will take place at such high salt concentrations and corrupt a meticulous
study of the networks mechanics (Tang and Janmey 1996).
This overview illustrates the possibility to alter the persistence length of actin fila-
ments in vivo. A two-fold increase or decrease is readily possible with actin binding
proteins. A slightly larger range can be covered by adjusting salt concentrations. How-
ever, the application of this pathways to study the effect of the parameter persistence
length on network mechanics is rather limited. First, the range covered in persistence
length is rather narrow to verify scaling laws in lp. Second, employing ABPs comes at
the cost of side effects on, e.g. length distribution, actin kinetics, or inter-filament at-
traction. These are known to impact mechanics by themselves. With ABPs the change
in lp is rather a bi-state choice than a continuous variation. And third, varying the salt
concentration will immediately lead to the formation of inhomogeneous bundle networks
(Huber, Strehle, and Käs 2012). Moreover, the effect of electrostatic screening remains
elusive. In conclusion, actin is a limited semiflexible model system with respect to the
parameter persistence length.
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Figure 2.20.: The cation binding sites mainly affecting polymerization kinetics and stiff-
ness. The purple ion mediates the connection between the sub-domain 2
with the DNAse I binding loop (DBLoop) and the sub-domain 3 (SD3’)
of the adjacent actin monomer. Reproduced from (Kang et al. 2012).
2.3.2. Other Cytoskeletal filaments
Microtubules are as abundant as actin and serve many diverse structural roles within
the cell. With lp ' 1 mm microtubules are rather stiff filaments (Taute, Pampaloni,
and Florin 2010). Beyond actin, a host of other biopolymers fall into the category of
semiflexible polymers.
Proteins, such as keratin, desmin, vimentin or neurofilaments belong to the class
of intermediate filaments (Herrmann and Aebi 2004; Herrmann et al. 2009). This
class shares a common structural motif (Block et al. 2015). Instead of sub-units that
form a polymer by classical terminal addition, they follow a hierarchical blueprint.
Intermediate filament tetramers anneal laterally forming unit length filaments (ULFs).
ULFs merge axially to form full length filaments. Hence, sub-units are mainly connected
by lateral interactions, allowing considerable extension under longitudinal tension. The
filaments are considerably softer than actin. They display a persistence length of 0.2 µm
(neurofilaments) up to 1 µm (desmin or vimentin) (Block et al. 2015). However, the
longitudinal compliance, is much higher. At low forces, intermediate filaments can be
stretched up to 50 % (desmin, cf. Kreplak, Herrmann, and Aebi 2008) or even 100 %
(vimentin, Guzmán et al. 2006) fully elastically. This is in stark contrast to actin, which
only elongates to approximately 0.3 % under comparable tension of 200 MPa (Higuchi,
Yanagida, and Goldman 1995). Hence, the assumption of inextensibility does not hold
for intermediate filaments. A cross talk of entropic and enthalpic contributions leads
to quantitatively different response than inextensible9 worm-like chains.
However, all these biopolymers not only differ in their mechanical properties but also
in their underlying molecular structure and equilibrium-state dynamics. Thus, a study
employing biopolymers from different classes comparing elastic response across and the
9Or worm-like chains where the tensile modulus is much higher than the bending modulus. In leading
order this would result in an entropic response.
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influence of lp on them is hampered. The results would be only not affected by lp
but also by length distribution, stickiness, aspect ratio, possible dynamic effects, such




The discovery of the multi-functional graphene was awarded with the Nobel Price in
physics in 2010. Carbon nanotubes, or more precisely single walled nanotubes (SWNT),
the folded versions of this planar material, are an interesting candidate as a model
system for semiflexible polymers (Fakhri et al. 2009). They are ∼ 1 nm in diameter and
feature persistence lengths in the micrometer range. However, two properties impair
the application of SWNTs as a model system to study the influence of lp. A meticulous
study of the persistence length (26 µm to 138 µm) (Fakhri et al. 2009) and contour
length (2 µm to 9 µm) (Fakhri et al. 2010) revealed a ratio of both lengths, classifying
SWNTs as rather stiff than semiflexible filaments. On the other hand, according to
macroscopic tubes, bending rigidity (∝ lp) increases with increasing tube diameter
(κ ∝ r3,Landau and Lifshitz 2006, vol. 7, § 17), unfortunately the diameter is not
programmable deterministically. Synthesis yields a distribution of different diameters
and consequently a broad distribution of lp within a sample, rendering the system
inadequate for lp studies. A purification towards monodisperse diameters is conceivable,
though intricate and not yet realized.
2.3.3.2. Grafted Polyisocyanopeptides
Isocyanopeptides polymerize to high molecular mass molecules replicating protein fold-
ing motifs of helical strands and β-sheets (Cornelissen et al. 2001). Grafted polyiso-
cyanopeptides, or short PICs, are synthetic helical polymers with grafted side chains of
ethylene glycol of different length (Kouwer et al. 2013). The length of the side chain
determines lp ranging from 5 nm to 50 nm. They form hydrogels of cross-linked bundles
that strain-stiffen (Jaspers et al. 2014). The tendency of cross-linking eliminates PICs
for studies of tightly-entangled networks. However, derivatives of this PICs featuring a
different side chain were used for entanglement studies of flexible polymers (Keshavarz
et al. 2016).
2.3.4. DNA Tubes
In this section, we recapitulate the structural properties of DNA. Based on the result-
ing unique self assembly capabilities, different approaches of the young field of DNA
nanotechnology emerged. We will introduce the leading approaches. Finally, the devel-
opment and properties of the specific construct called DNA n-Helix Tubes are described
in detail. In this work, we employed this extraordinary example of structural DNA
nanotechnology to address a central question of polymer physics, inaccessible with the
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current model systems as outlined above: What is the impact of persistence length on
the network mechanics in semiflexible networks?
2.3.4.1. DNA
DNA research developed parallel to the rise of modern medicine and involved sciences
from medicine, biology, biochemistry to chemistry and physics, eventually.
The nucleos extract Nuclein was first isolated in the late 19th century by the Swiss
physician Friedrich Miescher (Miescher 1871). The German Richard Altmann purified
the deoxyribonucleic acid (DNA) from nuclein (Altmann 1889) and parallel to this
Albrecht Kossel isolated the four nucleobases cytosine (C), guanine (G), adenine (A),
and thymine (T) (Kossel 1885; Kossel and Neumann 1894). It took another fifty years
to acknowledge the central role of DNA as the carrier of genetic information, i.e. the
genotype (Avery, MacLeod, and McCarty 1944). And in the early 50s of the 20th
century Watson and Crick proposed the molecular structure of DNA and the base
pairing as a central motif (Watson and Crick 1953). Nine years later, they were awarded
with the Nobel Price in Physiology or Medicine for this seminal work.
DNA is a complex structure and resembles a twisted ladder, with the two backbone
strands making up the rails and the different base pairs (bp) the rungs (Fig. 2.21).
The primary structure of DNA (single strand, ssDNA) is a single series of nucleotides,
that acts as the monomer, comprising three structures: a phosphate, a sugar and one
of four nucleobases (Fig. 2.21(a)). The central sugar, 2-deoxyribose, links the intra-
strand/backbone phosphate residue to a nucleobase. The nomenclature assigning car-
bon sites on the sugar ring starts counting at the base bond with 1’ (cf. Fig. 2.21(a)).
The nucleotide’s own phosphate is attached at the 5’ CH2-position. The bond to the
phosphate of the following nucleotide is formed at the 3’ sugar position, rendering
the ssDNA a heteropolymer. This asymmetry of the phosphate-sugar-phosphate se-
ries forming the backbone gives directionality to the strand. The standard convention
quotes sequences from 5’ to 3’ end. The DNA double helix or double-stranded DNA
(dsDNA) is the simplest secondary structure. It is formed by two anti-parallel strands
that are interconnected by complementary base pairs acting as the rungs of the ladder
(Fig. 2.21(b)). Two classes of nucleobases exist, the purines, Adenine (A) and Guanine
(G), fused 5- and 6-membered compounds and pyrimidines, Thymine (T) and Cyto-
sine (C) 6-membered rings. Watson-Crick base pairing occurs between these classes,
but only for specific complementary bases. Guanine and Cytosine form three inter-
strand hydrogen bonds, whereas Adenine and Thymine form two inter-strand hydrogen
bonds, resulting in a weaker bond. In addition to the inter-strand stabilization of ds-
DNA by base-pairing, intra-strand base stacking with the interactions of the delocalized
π-electrons stabilizes dsDNA even more.
The most common tertiary structure in nature is B-DNA (cf. Fig. 2.21(b)) as de-
scribed by Watson and Crick (Watson and Crick 1953). This is the famous two right-
handed (clock-wise) helices wound around each other with anti-parallel directions, i.e.
one strand 5’ to 3’ end and the other 3’ to 5’ (Sinden 1994). The textbook model of
















































































(a) The polymer’s repeating unit is the nucleotide with the sugar
(2-deoxyribose, , given as a single molecule in the upper
right with carbon atoms numbered) as a central connecting el-
ement, the phosphate residue ( ) at the 5’ end and at the 1’
end one of the four different nucleobases: G ( ), A ( ), C
( ), or T ( ). Polymerization into a strand is established
via the OH-group at the sugar’s 3’ position that mediates the
bond to the next nucleotide’s phosphate residue. The inter
strand connection is provided by matching hydrogen bonds
between complementary bases ( ) and base-stacking inter-
action between the aromatic nucleobases. Twist is omitted
for clarity.
(b) The B-form of DNA as
found in aqueous condi-
tions. Both strands wind
around each other with
∼ 10.5 nt per turn, il-
lustrating the major and
minor groove. Rendered
with PyMOL using PDB
code 1bna with crystallo-
graphic data from (Drew
et al. 1981).
Figure 2.21.: The structure of the DNA double strand as (a) the chemical structure
of a 4-mer (GACT) and (b) the molecular stick representation of a 12-mer
(CGCGAATTCGCG).
is a non-integer and was measured to be 10.4 to 10.5 residues per turn and depends
significantly on the actual sequence. The twist angle or rotation per residue is 34.3°.
The axial rise per residue is 3.4Å and accordingly the axial rise per full turn or helical
pitch is 3.4 nm to 3.57 nm. The base pair bonds are nearly perpendicular to the helix’
axis. Their tilt (deviation from perfectly perpendicular) is −6°. The double helix’ di-
ameter is 2 nm. Here, major and minor grooves, the lateral exposures of the hydrophilic
inner bases, are significantly different in their size (see Fig. 2.21(b)). They offer binding
sites for specific interactions (major) or inspecific proteins (minor). As indicated in
Fig. 2.21(b), in solution DNA has a polyelectric line charge of 5.9 enm−1 surrounded
by condensated counter-ions, indicated by the “plus” signs (Tang and Janmey 1996).
The polymeric character of DNA and its wide biological abundance made it ideally
suitable as a model system for polymer physics (Bustamante et al. 2000). dsDNA
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from the λ-phage was employed in combined magnetic tweezers/hydrodynamic flow
experiments to probe the freely-jointed chain theory at low forces (2.28) (S. B. Smith,
Finzi, and Bustamante 1992). Depending on the ionic strength of the medium, the
persistence length varies. The same data was used to validate the worm-like chain
prediction at low and intermediate forces (2.40) and revealed a persistence length of
∼ 50 nm (Bustamante et al. 1994; Marko and Siggia 1995). Enthalpic contributions
from elongation of the contour at high forces could be shown (S. B. Smith, Cui, and
Bustamante 1996; M. D. Wang et al. 1997). The persistence length of ssDNA was found
to be ∼ 0.8 nm (S. B. Smith, Cui, and Bustamante 1996). The mechanics of unzipping
dsDNA or super-coiling were studied as well (Essevaz-Roulet, Bockelmann, and Heslot
1997; Irobalieva et al. 2015; Marko and Siggia 1994).
The natural main role of DNA was captured in the central dogma of molecular biology
(Crick 1958). It acts as the information storage of the genome. The process of DNA
replication is central in biological inheritance. Translation and transcription to proteins
involve the DNA analogue ribonucleic acid (RNA) that ultimately builds proteins. In
RNA, Thymin is replaced by the pyrimidine Uracil (U) and the sugar replaced by ribose
that features an additional hydroxyl group at 2’ position. Beyond the natural appli-
cation as a high density information storage, DNA can serve as a nanometer building
block through the Watson-Crick base pairing.
2.3.4.2. DNA Nanotechnology
The unique property of both DNA and RNA is the exclusively high binding affinity
of the nucleotide A with T (or U for RNA), and G with C – the Watson-Crick base
pairing. In consequence, sequences will easily form a double strand with a matching
complementary strand. This hybridization is the mainstay of modern DNA nanotechnol-
ogy. Double helices will form if matching complements are present. Parts of a structure
can be combined on the nanometer scale by self-assembly. Eventually, tiny structures
and even precise machines are rendered possible by DNA nanotechnology through the
elaborations of junctions first proposed by Nadrian Seeman (Seeman 1982). Such an
immobile junction could be successfully demonstrated one year later (Kallenbach, Ma,
and Seeman 1983) (cf. Fig. 2.22(a)).
DNA Tiles rely on the concept of the junction. The combination of five strands,
arranged in essentially two double helices, interconnected in two junctions is the so-
called double-crossover structure (DX, cf. Fig. 2.22(b)) (Fu and Seeman 1993). The
double helices ends feature sticky ends, i.e. both strands do not terminate at the same
point, one strand is longer and exposes a dangling end to the surrounding. Linear
superstructures comprising individual tiles can extend axially by addition of more tiles.
Planar structures base on the same principle but the consecutive tiles form a connection
to alternating rows of helices (below and above) in a staggered motif (Winfree et al.
1998). Even aperiodic structures can be realized by the introduction of 4 different DX
structures exposing different sticky ends (Rothemund, Papadakis, and Winfree 2004).
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is the sequential comple-
mentarity to two adjacent
strands.
(b) The double crossover struc-
ture (DX) consists of two
double helices intercon-
nected by two junctions
formed by five oligonu-
cleotides. It exposes 4
sticky ends for consecutive
tiles. (Mao 2004).
(c) The principle of DNA
origami comprises a single
long scaffold strand that is
folded into a specific shape
by hundreds of different
staple strands that intercon-
nect regions of the scaffold
(Biomod 2014 2014).
Figure 2.22.: Motifs in DNA Nanotechnology.
come at the cost of thousands of different strands necessary (Wei, Dai, and Yin 2012).
Tubular structures that fold from ribbons are possible at specific diameters (Yin et al.
2008).
DNA Origami was a major milestone in this field and enabled the proper design of
large defined aperiodic structures (cf. Fig. 2.22(c)). Rothemund (2006) employed in
his seminal work the long ssDNA of the M13 phage genome (> 7000 bp) as a scaffold
strand. To fold a specific planar structure, the scaffold strand is interconnected with
hundreds of short staple strands (mostly 32 bp). The proper choice of staple sequences
enabled precise determination of folding points and thus resulting geometry. Positions
on this planar sheet can be precisely addressed by the corresponding staples and can
act as a “pegboard” for nanometer resolved single molecule studies. Several approaches
exist to enter the third dimension. They either join existing Rothemund rectangles
(Andersen et al. 2009), stack double helices in a square or honeycomb lattice (Douglas
et al. 2009), or employ concentric patterns with additional curvatures that form chalices
or flasks at the nanometer scale (Han et al. 2011).
DNA Bricks started from tile based folding motifs. A set of short single strands
self-assemble into higher order structures. In contrast to DNA tiles, no intermediate
structure (tile) forms that acts as a repetitive unit. The aforementioned DNA tile tube
is nowadays considered as the first one-dimensional DNA brick structure (Yin et al.
2008). The two-dimensional tile structures (Wei, Dai, and Yin 2012) paved the way
towards three-dimensional bricks. A huge set of 1000 distinct short strands, 32 bp in
length featuring four 8 bp long domains that serve as binding sites for adjacent bricks,
form a “massive block” of 10× 10× 10 voxel (or 2.5× 2.5× 2.7 nm) (Ke et al. 2012).
Almost any shape can be formed by the simple elimination of the strand constituting
this voxel during self-assembly in a LEGO-like fashion. The synthesis of micron-sized
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crystals could be demonstrated by the same group (Ke et al. 2014).
Dynamic DNA Nanotechnology: Beyond the field of structural DNA nanotechnology
that focuses on the spatial design of folded structures and the efficient way towards them,
there is dynamic DNA nanotechnology (Bath and Turberfield 2007). Here, the central
aspect is the dynamic binding and unbinding of strands to change structures, aiming
at the construction of machines that actual perform work on the nanoscale or perform
molecular logic computations. Starting from the change of buffer conditions, inducing
a structural transition between B-DNA and Z-DNA (Mao et al. 1999), the development
continued via strand displacement techniques (Machinek et al. 2014; Yurke and Mills
2003; Yurke et al. 2000; Zhang and Seelig 2011) and the usage of DNA cleavage enzymes
(Lu and Juewen Liu 2006; Willner et al. 2008).
We will focus on the established field of strand displacement. The underlying principle
is based on the competition of strands for the complementary sequence. The initial DNA
construct I+II10 comprises two strands I=AB and II=A*11 of various length with at
least two domains A and B. A DNA duplex is formed between both strands in the
domain A+A*. Domain B is the excessive length of strand I. On the addition of strand
III=B*A*, that equals II plus the complementary section of I in domain B, both strands,
II and III, compete for the hybridization with I. Since the matching sequence of III (A
and B) is longer than for strand II (only A), the enthalpy of the hybrid I+III is lower
compared to I+II, shifting the reaction kinetics towards I+III. II is released and the new
structure I+III persists. The reaction is reversible, when III is depleted from solution,
e.g. by another III-specific strand displacement reaction. However, reaction products
accumulate and limit the number of effective cycles.
Toehold-mediated strand displacements provided the bases for a number of machines,
e.g. tweezers (Yurke et al. 2000), a linear nanoactuator (Simmel and Yurke 2001), inter-
locking gears (Tian and Mao 2004), a rotary device (H. Yan et al. 2002), a contractile
polymer (Lubrich, J. Lin, and J. Yan 2008), a box with a controllable lid (Andersen
et al. 2009), or DNA walkers (Sherman and Seeman 2004; Shin and Pierce 2004).
Quests for DNA nanotechnology: The young and vibrant field of DNA nanotechnol-
ogy realized a huge number of structures and evolved techniques. However, the ability
of a new field to address long-standing problems beyond is crucial.
A major step towards DNA scaffolds for x-ray structure determination of non-crys-
talline molecules was achieved with the crystallization of DNA tensegrity triangles
(Paukstelis and Seeman 2016; Zheng et al. 2009). Membrane proteins could be struc-
turally determined in a DNA scaffold (Berardi et al. 2011; Douglas, Chou, and Shih
2007). The combination of functionalization with nanoparticles (e.g. gold nanoparti-
cles) and the precise spatial programming opened a new field towards optical waveg-
uides for potential quantum computation (Tan et al. 2011). Here, plasmonic chirality
10The “+”-sign indicates the hybridized double helix comprising the strand I on one side and II on the
other, i.e. the duplex I+II.




was proven (Kuzyk et al. 2012). DNA origami based structures can act as a force sensor
and map the energy landscape between molecules, e.g. nucleosomes (Funke et al. 2016)
or the TATA transcription factor (Nickels et al. 2016). In concert with optical tweezers,
DNA origami facilitated the profound characterization of the base stacking interaction,
shaping DNA in its versatile double helical form (Kilchherr et al. 2016).
In this spirit, we make use of the spatial programmable possibilities of DNA nan-
otechnology.
2.3.4.3. DNA Tubes
We address a central problem in polymer physics by means of structural DNA nan-
otechnology in this work. We study the effect of the persistence length of individual
filaments on the emerging network elasticity of semiflexible polymers by variation of
lp over a broad range. To overcome the natural limitation of the virtually fixed lp of
actin, we employ n-helix DNA tubes with a programmable diameter (Yin et al. 2008).
Depending on the perspective, they are nowadays regarded as one-dimensional bricks
or half crossover (HX) tiles.
DNA nanotechnology initially started with the search for extended arrays or lattices
requesting rigid molecular building blocks (Seeman 1982). Tubular structures with
double helices aligned parallel on the circumference are promising candidates (Douglas,
Chou, and Shih 2007; Mathieu et al. 2005; Rothemund et al. 2004; Sherman and Seeman
2006) Simple by the low number of different short strands and most versatile through
its programmable and mono-disperse circumference, we chose the DNA n-helix tube
(Yin et al. 2008) as an ideal model system.
The Programmable Structure of n-Helix Tubes is very easy to conceive (Fig. 2.23).
A set of 4 different partially complementary oligonucleotides (42 nucleotide of four
logical domains) hybridize to a half overlapping ring of 4 tightly-joined DNA helices
(cf. Fig. 2.23(a)).12 Each of these double helices comprises two different types of
strands and each strand contributes to two double helices, interconnecting them every
21 bp in a “U”-shape (cf. Fig. 2.23(b). To accommodate the strain induced by the
non-integer 10.5 residues per full helix turn (see Sec. 2.3.4.1 on page 47), the intra
duplex length was chosen to be two full turns, i.e. 21 bp. This resulted in the diverse
domain length of either 10 or 11 bp. The axial sticky ends permit selective addition of
matching oligonucleotides, thus growing the polymer by 21 bp or 7.14 nm per additional
unit length element (monomer). Along the polymer the composition of a double helix
remains the same. It is formed by the specific strands (I and II) with the domains
xx-AB (I) and A*B*-yy (II) overlapping each other at only one domain, e.g. A. The
third consecutive strand A*B*-yy (III) hybridizes the B domain of the I. This is the
central half-staggered motif. The domains xx and yy belong to the two adjacent double
helices. According to the set of n strands various mono-disperse n-helix tubes (n-HTs)
form, different in circumference (cf. Fig. 2.23(c) and Tab. 2.2).
12For simplicity the structure is explained with the small 4-helix tube. The rationale can be adapted
to n strands and accordingly n-helix tubes.
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(a) Schematic of the assembly of a 4HT formed of four distinct 42-mers. Adjacent single-
stranded DNA oligonucleotides share continuous complementary domains of 10 and 11 bases
in length (long black ticks). Boundary strands U1 and T4 feature complementary sequences
as well, enabling the formation of a tube-like ring from the planar sheet structure. The half-
staggered motif of these rings with sticky ends on both sides promotes polymerization-like
axial growth.
unit length element
(b) Quasi-three-dimensional schematic of a 4HT tetramer with 2 double helices (DH) in the
foreground and 2 DH in the shaded distant layer. DH evolve for complementary sequences
and are interconnected to both adjacent DHs once per unit length element. One U2 strand















(c) Cross-sections of all seven different n-HTs employed in this study with according measured
values for lp and uncertainties. Strand numbers range from 4HT to 14HT and lp from 1.2 µm
to 26 µm, respectively.
Figure 2.23.: The Architecture of DNA n-Helix Tubes (n-HT). (a) & (c) inspired by





4HT 12.9± 1.0 4.1± 0.3
5HT 14.2± 0.9 4.5± 0.3
6HT 18.1± 2.1 5.8± 0.7
7HT 20.5± 2.0 6.5± 0.6
8HT 23.3± 1.7 7.4± 0.5
9HT - -
10HT 28.0± 2.0 8.9± 0.6
20HT 51.4± 5.8 16.4± 1.8
Table 2.2.: Circumference and Diameter of DNA n-HT. Circumference measured by
AFM of adsorbed, opened tubes (Yin et al. 2008). Diameter computed from
this data.
The Persistence Length of these n-HTs was measured in a meticulous study (Schiffels,
Liedl, and Fygenson 2013). They observed fluctuations of filaments in two dimensions
while immersed in solution and derived lp from tangent correlations. It was possible
to successfully model the n-HTs as a tube of n “solid” dsDNA cylinders (radius r =
1.05 nm and effective persistence length lp,eff = 38 nm), slightly separated on the tube’s
circumference by distance s = 2.8 nm. Hence, the tube’s persistence length shall obey
(Schiffels, Liedl, and Fygenson 2013)







2.4. Existing G0(lp) Studies
The impact of filamentous rigidity on network elasticity is of general interest. For cross-
linked semiflexible networks, this has already been studied with the aforementioned
grafted polyisocyanopeptides (Kouwer et al. 2013).
A study addressing the same question as we ask has already been published (Tassieri
et al. 2008a). What is the influence of lp on the network mechanics of tightly-entangled
semiflexible polymers?
Tassieri et al. (2008a) sought to resolve the validity of two implementations of the
tube model, either the binary collision approximation (BCA, eq. 2.52) or the effective
medium approach (EMA, eq. 2.53) (Morse 2001). They employed filamentous actin
networks as a model system and exploited different buffer conditions as a means to ad-
just persistent length. The two different F-Buffers compositions based on the common
G-Buffer (Isambert et al. 1995). F-Buffer 1 (FB1) is the standard F-Buffer at high KCl,
high MgCl2, ATP and a pH of 7.5 that we also use (Schnauß et al. 2016; Golde et al.
2013). F-Buffer 2 (FB2) differs from this by a two-fold lower monovalent and divalent
salt concentration, no ATP and a lower pH of 7.0. Two experimental techniques were
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applied to asses complex shear modulus and lp. G′ was measured by video-based par-
ticle tracking microrheology (Golde et al. 2013) and compares extraordinarily well in
magnitude and concentration scaling with previous data from micro- (Jiayu Liu et al.
2006) and macrorheology (Hinner et al. 1998). To obtain the actual persistence length,
a subset of the samples employed for microrheology were studied with dynamic light
scattering (DLS). With the knowledge of the hydrodynamic diameter from DLS data
and transmission electron micro-graphs, they were able to deduce persistence lengths
from a fit of the dynamic structure factor with lp the only free parameter for large
scattering vectors (Kroy and Frey 1997). Two buffer conditions and three different con-
centrations were examined. From the ratio of G′ in both buffer systems, the predicted
ratio of persistence length was computed by either BCA or EMA. They showed that
the computed lp ratio from microrheology elasticity data (BCA:∼ 18 or EMA: ∼ 6)
matches the DLS obtained lp ratio (' 5) better in the case of EMA. They conclude
that their data validated the EMA approach of the tube model for the first time by an
lp scaling comparison, i.e. G′ ∝ c4/3lp−1/3.
Our criticism with this study is manifold. (i) Adjusting the persistence length through
the concentration appears to be problematic. The persistence length lp or better, the
bending modulus κ = lpkBT are intensive properties that are by definition insensitive to
the size of the system or the amount of material, i.e. concentration or density. The ap-
parent persistence length obtained from DLS is different from the intrinsic lp originating
from the bending modulus. Dynamic in nature, it incorporates the interaction with the
surrounding environment and is therefore an effective persistence length lp,eff . A priori
it is not clear whether the ensemble average of lp in a completely equilibrated network
should be altered at all, not to mention the sign – a stiffening or weakening. Moreover,
the increased lp,eff for concentrated samples points to an incomplete thermalization.
Contrary, computer simulations of semiflexible filaments in a hard disk environment
indicated an additional crumpling, i.e. a lowered lp,eff by molecular crowding (Schöbl et
al. 2014). Thus, adjusting lp by concentration is not an independent method and highly
speculative. (ii) Adjusting the persistence length by salt and pH. While buffer FB1
conforms tightly with established F-Buffer conditions, FB2 differs in several parameters.
Lowering the salt content actually weakens bending rigidity and lowers lp (Hocky et al.
2016; Kang et al. 2012). However, based on this study, a two-fold decrease in salt con-
centration does not justify a five-fold decrease in lp. The absence of ATP has complex
implications on actin kinetics (Pollard 1986), but the rigidity is unaffected since ATP
would be immediately hydrolyzed within the filament leading to a mainly ADP-actin
filament. The impact of pH on lp is undocumented in literature. The delicate effect of
such a change in buffer could be on the surface chemistry of actin, rendering it more
or less sticky. Eventually, the effect of a buffer change could be drastic on premises
of a tightly-entangled semiflexible network. (iii) The study’s data base is rather small.
Only 2x3 data points13 in the small range of only a decade are used to validate a weak
power law behavior.
In a recent review article (Tassieri 2017), the original data of actin filaments (Tassieri
13Only 2 data points, if the concentration based lp,eff are ignored.
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et al. 2008a) and cardiac thin filaments (CTF) (Tassieri et al. 2008b) was reevaluated
and presented in a comprehensible way, i.e. G′(c, lp) vs. c and lp plots. However,
the results are contradictory. In the case of actin, across both buffer conditions, the
dependence of the elastic plateau modulus G′ is the same as postulated in Tassieri’s
early paper (Tassieri et al. 2008a), i.e. G′ ∝ l−1/3p . For a given buffer, this trend
is completely different G′ ∝ l5p, when the persistence length change was induced by
concentration, i.e. lp,eff . This scaling law was obtained from three data points each.
With CTFs, this antagonistic behavior was somewhat reproduced. A change of buffer
(high vs. low CaCl2) doubled lp but only slightly affected the elasticity, G′ ∝ l+1/3p . The
concentration induced variations of lp resulted in a drastic response on the elasticity,
again G′ ∝ l5p. The concentration dependence G′ ∝ cα was completely off, as shown in
the original paper (Tassieri et al. 2008b).
In conclusion, the preparation of experiments with lp as an independent and tunable
parameter is challenging and might be impaired by a variation of stickiness and molecu-
lar crowding. The three studies illustrate instructively the limitations of the established
model system actin or CFT when it comes to alteration of the persistence length.
Motivated by these inconsistencies and the deficiency of present model systems, I
have developed consistent DNA n-HT-based experiments to thoroughly address this
central, long lingering problem in polymer physics.
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This chapter provides a basis for the interested reader to comprehend, reproduce and
extend my expirements and analysis. In Sections 3.1, 3.2 and 3.3, I list all techniques
employed, such as microscopy, feature tracking and shear rheology together with all
settings and their justification. The preparation of actin and DNA tube samples is
explained in Secs. 3.4 and 3.5. This is supplemented by step-by-step instructions in
appendix B. Several non-standard statistical analysis tools are introduced in Sec. 3.6.
3.1. Microscopy
3.1.1. Device
For image acquisition I employed a common inverted optical microscope (Leica DM IRB,
Leica Microsystems, Wetzlar, Germany), equipped with two light sources for brightfield
microscopy and epi-fluorescence microscopy.
A mercury short-arc lamp (HBO 100 W/2, Osram GmbH, München, Germany) was
applied as the epi-fluorescence light source, providing a broad continuous visible spec-
trum and pronounced Hg-peaks. This light source could be attenuated by a neutral
density filter of 1 % transmittance (ND filter). The built-in 100 W halogen lamp was
used for brightfield microscopy.
Several excitation/emission filter sets could be mounted in a revolvable turret. I
used the following Leica filter cubes: (i) GFP cube illuminating with blue light (Leica
11513890, excitation filter from 450 nm to 490 nm), (ii) a N2.1 cube transmitting green
light (Leica 11513882, excitation filter from 515 nm to 560 nm, for TRITC-actin and
Cy3-DNA), and an A4 cube (Leica 11513874, excitation filter from 340 nm to 380 nm)
for UV-light. The objectives were mounted on a similar turret: Leica 506180, 63x
oil-immersion objective, NA 0.6 to 1.3; Leica 506168, 100x oil-immersion objective,
NA 1.35.
Images were captured with a sensitive and fast back-illuminated electron-multiplying
CCD camera (Andor, iXon DV887).1
3.1.2. Sample Chambers
Samples were inserted to the microscope in sample chambers made from two glass cover
slips (24 mm× 50 mm and 22 mm× 22 mm) (Strehle et al. 2011). These glass slides were
thoroughly rinsed with water and dried with gaseous nitrogen. Coating the glass surface
1Willard S. Boyle and George E. Smith were awarded the Nobel Prize in physics in 2009 for the
invention of an imaging semiconductor circuit – the CCD sensor.
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with SigmaCote (Sigma-Aldrich, USA) prevented filaments from adsorbance. For the
study of immobilized filaments (determination of lp) the hydrophilic glass slides were
used without any coating. The edges of the smaller cover slip were lined with vacuum
grease. At the corners four openings were scratched into the grease to release air on
assembly.
The sample volume was pipetted onto the small cover slip employing a cut pipette
tip to minimize heavy shear flow, thus maintaining long polymers. Depending on the
measurement, different small volumes were deposited, ranging from 7 µl for adsorbed to
20 µl for immersed filaments.
The sample chamber was closed with the second cover slip placed on top and pressed
flat with a custom-built micrometer-precise device. High attention was paid to suppress
remaining air bubbles within the sample. The grease gap was coated with nail polish.
Prior to observation samples were equilibrated for some time (1 h to 24 h) at either
4 ◦C or room temperature depending on the sample. The adsorbance of single filaments
was promoted with an equilibration time of up to 24 h at 4 ◦C. For reptation studies
the sample of preformed n-HTs was equilibrated overnight in the fridge at the same
temperature. Actin networks were polymerized in the sample chamber. These samples
were equilibrated for 1 h at room temperature.
3.1.3. Image-Based Tracking
The robust and precise tracking of features is a recurring objective in imaging-based
sciences, such as biophysics, molecular biology, nanotechnology (Brangwynne et al.
2007; Crocker and Grier 1996; Pelletier et al. 2009; Ruhnow, Zwicker, and Diez 2011;
Russ 2011; M. B. Smith et al. 2010).
3.1.3.1. Filament Contours
For the extraction of positions of one-dimensional objects such as DNA n-HTs or actin
filaments, I employed a published, well documented ImageJ plugin (Health 2004). In
a semi-automated approach the plugin JFilament uses open active contours to match
a provided seed contour to a given image (Vavylonis and Huang 2010). An external
pseudo-energy term forces the resulting contour towards the central bright backbone of
a filament and towards the ends in an iterative loop (M. B. Smith et al. 2010).
The resulting contours or “snakes” of time courses are output as spreadsheet data,
practical for further analysis.
3.1.3.2. Beads
The precise spatial tracking of micron-sized beads from microscopy videos was per-
formed with a centroid-based feature-tracking algorithm written in IDL (Crocker and
Grier 1996). I applied a self-improved version gaining from fast vectorization in Matlab,
initially published by the laboratory of Maria Kilfoil (Pelletier et al. 2009).
The algorithm first enhances image quality with a two-dimensional “Mexican hat
wavelet” that suppresses pixel noise and long-range image variations (i.e. anisotropic
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Entangled – Bright field:
Pre light flash
Post green light flash
Post UV light flash
Figure 3.1.: Fluorescent beads as tracer particles impact drastically the network elas-
ticity of actin networks, both entangled ( ) and cross-linked ( ).
Bright-field illumination rescues the steady-state assumption ( ) and il-
lustrates the difference of illumination with matching excitation ( ) or
non-matching high-intensity UV-light ( ). In passive microrheology the
thermal steady-state bead fluctuations, quantified by the mean-square dis-
placement (MSD) are employed for assessing the network viscoelasticity.
Adapted from (Golde et al. 2013).
illumination). A rough localization is obtained from thresholding the filtered image,
followed by a gray-scale dilation to identify the local maxima in each bead. The position
is refined with an intensity-weighted centroid correction around the initial maxima.
Finally, the N beads per images are connected into trajectories from frame to frame.
3.1.3.3. Potential Artifacts from Observation
The imaging of (freely-)fluctuating micron-sized beads can be conducted on two different
microscopic mapping techniques. (i) The beads can be fluorescently labeled and an epi-
fluorescent microscope is used (Apgar et al. 2000; Crocker et al. 2000; Valentine et
al. 2001), or (ii) plain polystyrene beads can be imaged with bright-field microscopy
(Gardel et al. 2003; He et al. 2008; Jiayu Liu et al. 2006; Wong et al. 2004). Fluorescent
beads offer a higher contrast to the background, i.e. a better signal-to-noise ratio and
consequently a higher spatial precision in the tracking algorithm.
However, the local high intensities in fluorescence microscopy can affect the object of
interest by the probing technique itself (Golde et al. 2013). Illumination of fluorescent
beads with their appropriate excitation wavelength leads to a drastic softening of probed
actin gels as illustrated in Fig. 3.1. This effect has to be taken into account when working
with fluorescent techniques.
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3.2. Atomic Force Microscopy
For the visualization of DNA n-HT networks, I employed atomic force microscopy.
AFM images were acquired with a NanoWizard 3 (JPK Instruments, Germany). Pre-
hybridized 8HT at a concentration of 4 µM were deposited on freshly cleaved mica.
After a settling time of 10 min, samples were spun at 6000 rpm in short intervals to
minimize alignment of attached n-HTs. Images were recorded in tapping mode in air
at room temperature at a scan rate of 1 line/s. Gold-coated ACTA tips (ACTA-10,
AppNano) were used with a spring constant ∼ 54 N m−1 and a resonance frequency
∼ 300 kHz.
3.3. Shear Rheology
Here, I introduce the actual device, test sequence and data analysis technique. For a
conceptual introduction, see Sec. 2.2.3.
3.3.1. Device
I performed macroscopic dynamic shear rheology to characterize the mechanical prop-
erties of DNA n-HT networks.
I employed a commercial rheometer (ARES, TA Instruments, USA) with a cone-plate
geometry (radius r = 25 mm, θ0 = 0.04 rad), temperature-controlled with a Peltier
element and a circulating water bath as heat sink. This cone theoretically touches
the plate at the center. Towards the periphery, more and more sample volume is
accommodated by the cone’s shallow angle, providing a constant shear rate throughout
the sample as sketched in Fig. 3.2.
Before every test sequence, the cone-plate distance was recalibrated. After loading
the sample, the cone was lowered and all measurements were performed at a cone-plate-
distance of 50 µm.
The sample exposes a water surface to air. Given the long test sequence and the test
temperature of 25 ◦C, evaporation at this water-air interface is a problem. I resolved
this issue with the help of a custom humidifier. Two custom-build crescent water baths
embracing the sample at 3 mm distance expose a 100-fold increased water surface at
the system’s temperature. The sample chamber was shut with a plastic cap and sealed
carefully with plastic wrap, leaving the cone’s stem untouched. This constant local
moisture permitted experiments of a duration up to an entire day with no detectable
loss in sample volume.
3.3.2. Test Sequences
The samples were subjected to different test sequences motivated by different questions.
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(b) Side view indicating cone-angle and radius.
Figure 3.2.: The dynamic shear rheometer with a cone and plate geometry. Sample
volume is hatched. The sample is agitated from below, indicated by the
arrows. The response is transduced to the top stem and recorded. Water
bath and cap are omitted for clarity.
3.3.2.1. Sweeps and Scalings
To study the plateau modulus of n-HTs at different concentrations and persistence
lengths, a series of frequency sweeps and strains sweeps were applied. Both are dynamic
excitation modes, imposing an oscillatory strain (2.66). The term “sweep” refers to the
acquisition of a series of oscillatory measurements, where one parameter x is tuned
incrementally from measurement to measurement to obtain a functional behavior f(x).
Hence, a frequency sweep features a constant strain amplitude γ0 and the frequency is
varied in a defined range with a certain resolution. A strain sweep is the equivalent for
a varying (increasing) strain and a fixed frequency f = ω/2π.
After loading the sample and an equilibration time of 2 h the following test sequence
was performed
1. short frequency sweep (γ = 5 %, f = 0.01 Hz to 30 Hz, 5 data points per decade),
2. long frequency sweep (γ = 5 %, f = 0.001 Hz to 30 Hz, 21 data points per decade),
3. short frequency sweep,
4. strain sweep (f = 1 Hz, γ = 0.0125 % to 100 %, 20 data points per decade),
5. short frequency sweep,
6. strain sweep.
Data analysis was mainly performed on measurements 2 and 4. The repetition of
measurements (1,3,5 and 4,6) assessed the potential aging of the gel.
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3.3.3. Data Analysis
Sweep Plots, either frequency or strain sweeps, are binned raw data. The bin size
is 3 data points. The arithmetic average is assigned to the center point, effectively
smoothing the data but reducing the density.
Scalings depend on individual points (e.g. G′(8-HT, 4 µM)) originating from a large
set of measurements. Here, raw data was smoothed with a Gaussian kernel (standard
deviation = 2 data points, width = 7 data points) for each individual measurement.
Arithmetic averaging was first performed over the 3 consecutive measurements of one
sample (2 to 4: long f , short f , γ) with the inverse squared standard deviation as




In contrast to contemporary protein expression and purification methods, actin was
still prepared directly from mammals. The protein’s polymeric character was exploited
in these steps of purification. The conformation of the protein depends dramatically
on the type of solvent, its temperature, pH and salt conditions. A poor solvent causes
the polymer coil to contract and to precipitate. In contrast, a good solvent enables
the polymer to behave like an ideal chain. The combination of varying the solvent’s
conditions and subsequent centrifugation allows the successive purification of proteins.
The amount of purified actin needed for the in vitro experiments I performed are not
accessible economically by gene expression in bacteria.
I prepared G-actin from rabbit skeletal muscle analogue to the method of Spudich and
Watt (Spudich and Watt 1971) (see Secs. B.1.1 and B.1.2 for a detailed protocol). Gel
filtration chromatography was performed to purify the extract (Superdex HiLoad 26/20
prep grade column, Amersham Biosciences Europe GmbH, Freiburg, Germany, detailed
protocol in Sec. B.1.3). Centrifugation (Avanti J-30I, Beckman Coulter, Krefeld, Ger-
many) was applied several times to sediment and thus separate the proteins. The deter-
mination of the actin concentration was realized with an absorbance spectrophotometer
(DU 530, Beckman Coulter, Krefeld, Germany). Via the Lambert-Beer law, transmis-










To store the monomeric G-actin, it was aliquoted in appropriate volumes in G-Buffer
(CaCl2, ATP, DTT, NaN3, pH 7.8, Tris-buffered, for details see Sec. B.1.2.1), quick
frozen in liquid nitrogen and kept at −80 ◦C (Vip series −86 ◦C, SANYO E&E Europe
BV Medical Division, Bad Nenndorf, Germany).
3.4.3. Fluorescent Labeling
Historically, fluorescent derivatives of the mushroom toxin phalloidin have been used
to locate actin filaments in living cells (Wulf et al. 1979) and to visualize individual
filaments in in vitro experiments (Yanagida et al. 1984). Phalloidin shifts the dynamic
equilibrium between filaments and monomers towards the filaments, decreasing the
critical concentration. The dissociation rates at both filament ends are lowered (Estes,
Selden, and Gershman 1981) and consequently the filaments are stabilized (Isambert
et al. 1995).
Studying actin’s mechanics demanded another labeling technique. Isambert et al.
(1995) reported the successful binding of a rhodamine derivative directly to filamentous
actin. I performed a staining of the monomeric actin lysines, which is not commonly
used, currently (Gentry 2008) analogue to the laboratory of Marie-France Carlier. Full
polymerization properties were maintained and Cys 374 – the main binding site for
actin binding proteins, e.g. profilin, – was unaffected. The full procedure is given in
Sec. B.1.4.
3.4.4. Polymerization
The assembly of filaments was launched by the addition of the polymerization agent
10xKME comprising three dissolved reagents.
High ionic strength, i.e. 50 µM to 100 µM KCl, promotes polymerization (Pollard
1986). A divalent cation binding site is directly associated with the phosphates of
the nucleotide (Valentin-Ranc and Carlier 1989). When Mg2+ is bound to this site,
actin is a fast ATPase. It competes with Ca2+ for this site, whereas the latter slows
down hydrolysis tremendously. In order to shift the balance from high Ca2+ concen-
tration in G-Buffer to high Mg2+ concentration for polymerization conditions, Mg2+ is
added in conjunction with EGTA (Carlier, Pantaloni, and Korn 1986). Ethylene glycol
tetraacetic acid (EGTA) is a chelating agent that sequesters, i.e. captures, metal ions
from solutions. It has a 1000-fold higher affinity to Ca2+ than to Mg2+. In consequence
Ca2+ is depleted in the solution.
Beyond salt, continuous polymerization and treadmilling require energy in form of
ATP. Hence, an adequate excess of ATP is a prerequisite as provided in the G-Buffer.
If small amounts of buffered solutions were diluted in high volumes, concentrated
10xF-Buffer (KCl, high MgCl2, low CaCl2, ATP, DTT, pH 7.8, HEPES-buffered, for
details see Sec. B.1.5) was used for polymerization instead of simple 10xKME to provide
buffer and ATP in sufficient concentration.
63
3. Materials & Methods
3.4.5. Sample Preparation
3.4.5.1. Reptation
Partially fluorescently-labeled samples were prepared for the study of single reptating
tracer filaments, stained with TRITC, in the background of an unlabeled actin network
at different concentrations c in the tightly-entangled regime.
The tracer filaments were pre-polymerized at a concentration of 23.8 µM from fluo-
rescently labeled TRITC monomeric actin by the addition of concentrated F-Buffer. In
steady-state, after ∼ 1 h, filaments were step-wise diluted 40-fold above desired molar
ratio in the final sample.
A high amount of unlabeled monomeric actin was added at a ratio of 2000:1 for
unlabeled to labeled. The sample was thoroughly stirred and polymerization of the
unlabeled background network was triggered immediately afterwards by the addition of
concentrated F-Buffer. The sample was loaded into the SigmaCote passivated sample
chamber (Sec. 3.1.2) and equilibrated for 1 h at room temperature. A detailed protocol
with exact mixtures is given in the appendix in Sec. B.1.5.
Videos of the reptating filament were acquired with fluorescence microscopy at cap-
ture rates of 10 Hz for 10 s, as described above (Sec. 3.1).
3.5. DNA Assembly
3.5.1. n-HT Assembly
DNA n-HT were assembled according to the previously published design by Yin et al.
(2008).
3.5.1.1. Motifs and Design
The sequences of 4-HT, 5-HT, 6-HT, 8-HT and 10-HT were employed as provided in
the original publication (Yin et al. 2008). The terminal sequence T9 to assemble 9-HTs
was taken from (Schiffels, Liedl, and Fygenson 2013). The large 14-HT were newly
formed employing strands from (Yin et al. 2008) and a newly designed strand T14:
Existing sequences V10 to V13 from (Yin et al. 2008) were employed.2 According to
the structural motif A13*-B13*-A1-B1, reverse complementing both adjacent strands
U13 and U1, the terminal strand T14 was self designed.3
For fluorescence microscopy, Cy3 was attached to a U1 strand at 5’ end with a TT
spacer to dye the entire structure. All sequences were ordered from biomers.net GmbH,
Germany and provided as lyophilized oligonucleotides. Sequences are given in Tab. 3.1.
2For simplicity I refer to them as U9 to U13.
3The strands denoted by Um (resembles a “U” shape in the lattice) and Tm (from “terminal”) are
equivalent, owing to the circular structure. They share the same strand length and domain motif.

























Table 3.1.: DNA sequences for the hybridization of all used n-HTs.
3.5.1.2. Storage
Based on the data sheet, oligonucleotides were resuspended with millipore water to
an approximate concentration of 200 µM. All handling of resuspended oligonucleotides
was performed at 4 ◦C. Precise determination of the concentration was achieved by
multiple measurements with a NanoDrop 1000 (Thermo Fisher Scientific Inc., USA)
at four-fold dilution. Precision was increased by computation of the truncated mean
from 5 independent measurements each. Resuspended oligonucleotides were frozen and
stored at −20 ◦C for up to half a year and thawed as required.
3.5.1.3. Hybridization
The tube assembly comprised the mixing of the n strands at the correct stoichiometry
and the subsequent hybridization at controlled temperatures.
For an n-HT, the n − 1 strands U1 . . .Un − 1 and one Tn strand were mixed, each
at the same concentration c, forming a ring-like monomer. Thus, I regarded c as the
monomer concentration of the n-HT. Each network sample was mixed and hybridized
at the final concentration, omitting additional dilution. Final buffer conditions were
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1xTE (10 mM Tris, 1 mM EDTA, pH8) and 12.5 mM MgCl2.
Hybridization protocol was improved by the application of a programmable thermo-
cycler (TProfessional Standard PCR Thermocycler, Core Life Sciences Inc., USA) en-
abling reproducible hybridization protocols. (i) The temperature was elevated to 90 ◦C
for 10 min to dehybridize possible random bonds. (ii) The temperature was dropped
slightly above the calculated melting temperature and further lowered slightly below it.
That means the temperature changed from 90 ◦C to 65 ◦C abruptly, followed by a gentle
reduction in −0.5 K steps for 30 min each until 55 ◦C. (iii) A quick temperature drop to
4 ◦C. 14HTs were hybridized for a longer time to increase the yield of long filaments. In
this case, phase (ii) comprised more (50), smaller (−0.2 K) and longer (99 min) steps.
For fluorescence microscopy, labeled n-HTs were hybridized by substituting U1 with
the modified U1-Cy3. Hybridized n-HTs were stored for up to 3 weeks at 4 ◦C with no
detectable degradation.
3.5.1.4. Rheology
Prior to loading 175 µl of sample to the dynamic shear rheometer, the surfactant Triton
X-100 (Sigma-Aldrich Co., USA) was added to a final concentration of 0.1 mM, i.e. half
the micelle concentration (Müller et al. 1991). As an alternative, either no surfactant
was added or a phospholipid was added on the air-water interface. As a phospholipid,
DMPC was resuspended in chloroform at 0.05 mg ml−1 and 5 µl were pipetted onto three
surface positions of the already loaded sample to tightly cover the interface. In both
cases, the missing volume of the Triton X-100 was replaced by millipore water.
3.5.1.5. Persistence Length
For the determination of the persistence length, a fluorescent stain of the n-HTs was
necessary. The strand U1, comprised by every n-HT, was replaced by the fluorescent
analogue Cy3-U1. This functionalized oligonucleotide was commercially ordered from
the same supplier and featured the fluorophore Cy3 attached to the 5’ end spaced
by an additional TT-sequence. To achieve high yield and long filaments, samples were
hybridized as described above (Sec. 3.1.2) at concentrations of 2 µM to 8 µM per oligonu-
cleotide and diluted step-wise to 10 nM afterwards.
3.5.1.6. Reptation
Sample preparation aimed at epi-fluorescence microscopy of Cy3-stained tracer fila-
ments in the background of an unlabeled 8HT network at different concentration in the
tightly-entangled regime.
For imaging, 8HT filaments were fluorescently labeled as described for persistence
length measurements (Sec. 3.5.1.5) and hybridized as described above (see Sec. 3.5.1.3
on hybridization). These labeled samples were step-wise diluted 100-fold.
The unlabeled 8HT filaments were hybridized separately. A small amount of labeled












Table 3.2.: DNA end cap sequences for the formation of “blunt” ends.
aments. After a thoroughly stirring, the sample chamber was built with SigmaCote
treated glass slides as described above (Sec. 3.1.2) and equilibrated over night at 4 ◦C.
Videos of the reptating filament were acquired with fluorescence microscopy at cap-
ture rates of 10 Hz for at least 60 s as described above (Sec. 3.1).
The contour length was determined within the first 10 s of a reptation time series.
Filament contours were extracted from these images with JFilament as described
above (Sec. 3.1.3.1). Correctly tracking the ends over time is prone to errors. The
filament tips are less confined than interior segments of the filaments, resulting in a
more vivid exploration of the environment. They easily fluctuate in the third dimension,
resulting in a blurred image impeding reliable tracking. This defocusing of the object
accumulates and virtually shrinks the filament over time. Hence, I restricted the contour
length determination to the initial images, when the object was just focused correctly.
These L were averaged and a mean contour length 〈L〉 was computed that was con-
sidered constant for the observed filament for reptation and mesh size studies.
3.5.2. End Caps
A specific set of strands comprising only one domain of the full 32 nt oligonucleotides
was used to block the sticky ends of one end of the tube. I chose the sticky ends of the
“left” end in Fig. 2.23(a) as a target. The end caps hybridize with their short reverse
complements dangling from this end, rendering them blunt ends. For the 8-HT this a
set of 8 strands of 10 nt length given in Tab. 3.2.
3.5.3. n-HT Cross-Links
3.5.3.1. Motifs and Design
For a systematic introduction of cross-links to the n-HT network, I added a cross-
linking strand and modified the constituting set of strands to act as its target. The
32 nt oligomers U2 and U5 were extended with a 12 nt long sequence at the 5’ end and
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Name Sequence
U2CL CGGCCACAATAA-TTTTT- . . .
. . . -GGATCTAAAGG-ACCAGATACA-CCACTCTTCC-TGACATCTTGT
U5CL GGTCGTGCGG-ACTGTCGAACA-CCAACGATGCC-TGATAGAAGT- . . .
. . . TTTTT-TCCCACATCAAG
CL -TTATTGTGGCCG-CTTGATGTGGGA
Table 3.3.: DNA n-HT modified cross-link strands.
3’ end, respectively with an additional poly-T spacer in between. The U2 analog has
the motif C-TTTTT-U2 and the U5 analog is U5-TTTTT-D. Stapling both dangling ends
together, the cross-linking strand CL has the motif C*-D*. The exact sequences are
given in in Tab. 3.3.
Several checks were performed on the randomly generated sequences with OligoAn-
alyzer (Integrated DNA Technologies, Inc. 2017). The sequences C and D are chosen,
such that C, D, C* and D* form no hairpins, no homodimers and no heterodimers with
U1-U9 or T6-T10. The gain in free enthalpy is about a factor three lower than the de-
sired duplex formation (e.g. ∆G ≈ −24 kcal mol−1 for C+C* and ∆G ≈ −8 kcal mol−1
for C+T8). The melting temperature for both duplexes C+C* and D+D* is about
≈ 38 ◦C.
3.5.3.2. Hybridization
Cross-linked n-HT networks were polymerized as entangled n-HT networks with the fol-
lowing modifications (see Sec. 3.5.1.3). The standard strands U2 and U5 were replaced
by U2CL and U5CL. The cross-link strand CL was not present in hybridization.
3.5.3.3. Rheology
Cross-linked n-HT networks were prepared and loaded as entangled n-HT networks
with the following modifications (see Sec. 3.5.1.4). The final sample was prepared as
previously but with a void volume of 27.55 µL for the later addition of CL, rendering it
temporarily higher concentrated. These 147.45 µL were loaded onto the rheometer, the
geometry was set in place and the sample was equilibrated for 4 h.
After this first equilibration, the CL was added and another resting period of 8 h
followed to establish the cross-links in the unperturbed network.
3.6. Statistical Analysis Tools
Several non-standard statistical algorithms were employed to process or validate the
results. This section introduces these tools briefly.
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3.6.1. Bootstrapping
According to (Casella 2003), “the impact of the bootstrap has transcended both theory
and applications.” It is a resampling method in statistics to approximate the estimator,
e.g. the mean or the standard deviation of a random variable and has demonstrated
the “power of computers and iterated calculations” in the original publication (Efron
1979).
In essence it is a random resampling of data with replacement. The original set
of observations (i.e. empirical distribution function) X̂ bases on the N independent
observed values x1, . . . , xN drawn from the distribution functionX. From these samples,
we resample M times a set of N randomly drawn samples x∗1, . . . , x∗N with replacement
and obtain xm = [x∗1, . . , x∗N ] ∀m ∈ [1, . . ,M ]. Most-likely, these sets contain the same
observed values several times. We evaluate the estimator on these sets Tm(x∗1, . . . , x∗N ) =
T (xm). This distribution is employed to approximate the estimator of the random
variable T (X).
3.6.2. Kurtosis Analysis
The kurtosis is the normalized forth central moment of a probability distribution func-
tion P(x) of a random variable X. In contrast to the (raw) moment, central moments
µn measure the deviation from the random variable’s mean µ. The (raw) moment mea-
sures the deviation from the origin. If the mean is zero, both moments are equal. The
n-th central moment is defined with the expectation operator E in the following way
µn = 〈Xn〉 = E [X − E(X)n] =
∫ ∞
−∞




















































3. Materials & Methods
All odd moments vanish. Hence the kurtosis of a normal distribution is 〈X4〉/〈X2〉2 = 3.
Values above 3 indicate a “peakedness”, i.e. a stronger accumulation at the central µ.
On the other hand, the uncorrelated uniform probability distribution represents the
lower bound with a kurtosis of 1.8.
In conclusion, a study of the kurtosis is a valuable tool to asses the probability
distribution properties.
3.6.3. Kernel Density Estimate
The Kernel density estimate (KDE) or Parzen-Rosenblatt window method is a way
in statistics to estimate the probability density function P(X) of a random variable
X (Parzen 1962; Rosenblatt 1956). It can be free of parameters and the resulting
distribution from a finite set of data samples is smooth and continuous given a suitable
kernel.
Among others, the Gaussian kernel is widely used due to its mathematical properties
in integration. The bandwidth of the Gaussian, i.e. the standard deviation can be freely
set. However there is an optimum between bias (too broad) and deficient smoothing
(too small). This optimum can be computed self-contained via different approaches
(Jones, Marron, and Sheather 1996), rendering the method parameter-free – the key
feature of kernel density estimates.
The KDE serves the same purpose of presenting distributions as the widely-used his-
tograms. When it comes to further analysis, such as the numerical approximation with




The central aim of this work was to establish DNA n-helix tubes as a new model system
for networks of semiflexible polymers in the tightly-entangled regime.
I present the measurements of the persistence length for a large set of n-HTs that
were obtained by imaging of individual adsorbed filaments in Sec. 4.1. I confirmed the
isotropic network formation with AFM and performed macroscopic shear rheology (cf.
Sec. 4.2). The footprint of entangled or cross-linked nature was tracked comprehen-
sively in various approaches. The effect of strain-hardening or -softening was studied
in Sec. 4.2.1. Potential pathways of cross-link formation were significantly altered and
the effect on network elasticity was probed (cf. Secs. 4.2.3, 4.2.4 and 4.2.5). The free
reptation of single tracer filaments served as an indicator for entanglement (Sec. 4.3)
as well as the derived mesh-size scaling (Sec. 4.3.2). The inextensibility on the scale of
kBT was assessed by studying the contour length in detail in Sec. 4.4.
With the precondition verified, I utilized the system to test the predictions on net-
work mechanics made by various theoretical models, primarily by the established tube
model (cf. Sec. 4.2.2). I studied the scaling of the elastic plateau modulus G0 with
concentration and persistence length.
Towards DNA n-HTs as a functional material, I examined potential cross-linking
approaches to extend the available stiffness range (Sec. 4.5).
Main parts of this work were published in (Schuldt et al. 2016) in the peer-reviewed
journal Physical Review Letters. The co-authors’ contributions are listed at the relevant
sections.
4.1. Persistence Length of Individual Filaments
4.1.1. Data Basis
Persistence lengths (lp) of DNA n-HTs were measured by analyzing the conformations
of adsorbed filaments. In Figure 4.1, I show the microscopy images from fluorescently
labeled 5HTs and 10HTs.
More than N = 100 different filaments were analyzed for each type of n-HT. This
entire data of contours is plotted for each n-HT in Fig. 4.2. To plot all contours Rm(s)
(∀m ∈ [1 . . N ] and ∀s ∈ [0, Lm], i.e. each filament and the entire contour) obtained
from JFilament (Sec. 3.1.3.1) one end was defined to be the origin (Rm(0) := 0) and
the resulting offset was subtracted from the contour positions as illustrated in Fig. 2.2.
Hence, in Fig. 4.2 all contours start at the origin and accumulate there. The radius of
this agglomeration gives a first idea of the persistence length of the filaments and even




(a) Two 5HTs are soft and crumpled.
3 µm
(b) 10HTs are stiffer and elongated.
Figure 4.1.: Exemplary epi-fluorescent images of adsorbed n-HTs stained with Cy3. The
contours were tracked with JFilament and further processed to obtain lp.
4.1.2. Computation
From these contours, I computed the two-dimensional tangent correlation (2.21) as a
function of arc length shift ∆s with a self-written Matlab program. The correlations
were fitted with the exponential from the theoretical prediction. An example correlation
of 5HTs is displayed in Fig. 4.3(b). The decay constant of this exponential is the two-
dimensional persistence length of an adsorbed filament. The free three-dimensional
persistence length lp,m of this particular contourm is just half this value (cf. Sec. 2.1.1.3
on page 12).
A profound statistical mean and error statement for lp was realized with the boot-
strapping method (see Sec. 3.6.1 and Efron 1979). For a given distribution function, i.e.
the persistence length of one type of n-HT, I obtained N ≥ 100 persistence lengths from
different recorded contours. I resampled this set M = 5000 times with replacement,
computed the mean within each bootstrap set. The standard deviation of these means
served as an estimation of the error of the averaged lp.
The comprehensive results of this procedure are given in Tab. 4.1 and Fig. 4.4. Schif-
fels, Liedl, and Fygenson (2013) measured lp values by observing fluctuations of fil-
aments in two dimensions while immersed in solution. Results of both approaches
compare well as shown in Tab. 4.1 and illustrated in Fig. 4.4.
4.1.3. Validity
The validity of such statistically deduced quantities depends heavily on the quality of
the underlying data. This quality is manifold in the case of lp and the contour data.
First of all, the question of sufficient sampling occurs. The more data, the better,
but the standard deviation σ shrinks only slowly with increasing sample number N ,
i.e. σ ∝
√
1/N . The available time imposes a limitation to the number of available
samples. Given such a finite set of samples, its observations should be uncorrelated.
Such a correlation might manifest itself in the data derived from sampling the contour of
one freely fluctuating filament in series for a finite time span as performed previously. To
improve this data base, Schiffels, Liedl, and Fygenson (2013) observed several filaments,
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Figure 4.2.: Contours of All n-HTs. The full set of contours is shown for each type of
n-HT. This is the starting point for the computation of lp. The offset was
removed and all contours start at the origin. There is a clear tendency
from 4HT to 14HT towards less coiled, more extended contours – a visual
evidence of the trend in lp. Caveat, some samples display a depleted second
quadrant. This bias is an artifact from the semi-automated tracking, where
the initial contour is set by the operator, naturally starting from the left
directing a line to the right.
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(a) Kurtosis analysis of the angular distribu-
tion function ( ). The theoretical value
of 3 indicates a perfectly normal distribu-
tion ( ). The value 1.8 emphasizes the
region where angles are fully uncorrelated
( ).


















(b) Tangent angle correlation with standard
deviation ( ). The data was approxi-
mated with equation (2.21) ( ) with the
free parameter lp yielding 1.9 µm. The fit
was restricted to the indicated region, ob-
tained from (a).
Figure 4.3.: Kurtosis analysis and resulting valid tangent correlation. As an example,
the entire set of contours of the 5HTs.
namely 5 to 13 for each n-HT. However, I observed a much higher number of different
filaments that were completely uncorrelated but sampled only once each. This ensured
a broad statistically independent data base for the following computation of lp. See
Table 4.1 for a comparison of the numbers.
Second, a central assumption for the derivation of the mean values 〈R2〉, 〈ϑ2〉 or
〈cos(ϑ(∆s))〉 is that the underlying angular distribution (2.20) is Gaussian. Only in
the case that the distribution function was normal, filaments were considered to be
equilibrated in two dimensions and equation (2.21) was applicable. This can be probed
with the kurtosis, the fourth standardized moment of the angular distribution between
tangent vectors P(ϑ(∆s)). See Section 3.6.2 on page 69 for details. A kurtosis value
of 3 indicates a normal distribution, whereas a higher value indicates super correlation
(bias) and a kurtosis of 1.8 marks a completely random distribution. The kurtosis was
analyzed for each bootstrapping subset.
An exemplary kurtosis analysis is depicted in Fig. 4.3. The smallest values of the arc
length shift in Fig. 4.3(a) refer to sub-pixel resolution. A certain bias is introduced by
this spatial digitization artifact and the subsequent tracking routine. High arc length
shifts tend to be fully uncorrelated, presumably due to the low sampling number limited
by the finite contour length L of the observed filaments. In consequence, I evaluated
only the intermediate regime of the arc length shift ∆s with a kurtosis between 3.5 and
2.5 for subsequent calculation of lp, thus assuring a valid, unbiased determination of
the correlation length lp.
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n-HT lp[µm] Number of Contours
Schiffels et al. Here Schiffels et al. Here
4HT - 1.2± 0.1 - 113
5HT 2.0± 0.2 2.0± 0.2 167 122
6HT 3.3± 0.3 3.2± 0.3 503 120
8HT 8.2± 0.6 8.9± 0.9 377 121
9HT 9.4± 0.8 9.7± 1.6 336 134
10HT 16.8± 1.2 12.7± 1.2 844 144
14HT - 26.2± 4.8 - 134
Table 4.1.: Persistence length average and standard deviation with underlying number
of contours of all studied n-HT. Here, I derived them from individual ad-
sorbed filaments. Previous data was obtained from the time course of several
immersed filaments (Schiffels, Liedl, and Fygenson 2013). Their high con-
tour numbers are (partially) statistically dependent. These are temporal
correlates originating from ≈ 10 different filaments.
A third aspect is the question of equilibration. Are the contours that I recorded,
actual two-dimensional adsorbed filaments that are equilibrated in their native configu-
ration or did I record a trapped two-dimensional projection of actual three-dimensional
motion imposed by strong surface interactions? With different systems (dsDNA, vi-
mentin) these questions have been asked before and properly addressed (Mücke et al.
2004; Rivetti, Guthold, and Bustamante 1996).
A priori it is not clear if a real two-dimensional equilibration or a kinetically trapped
three-dimensional projection of the contours applies. The quantities mean end-to-end
distance 〈R2〉 and mean-square angle 〈ϑ2〉 are affected in the same way and do not
serve as a distinction. Only comparative studies served to answer this question (Mücke
et al. 2004; Rivetti, Guthold, and Bustamante 1996). Either the a priori knowledge of
lp (Rivetti, Guthold, and Bustamante 1996) or the comparison with other, equilibrated
data (Mücke et al. 2004) provides a way to infer the interaction mechanism and deduce
the correct persistence length. I followed the comparative approach and checked my
data against previously published data originating from a two-dimensional equilibrated
system (Schiffels, Liedl, and Fygenson 2013).
Values across both techniques compare very well within the error range. I con-
clude, the adsorbed filaments in my approach are properly equilibrated and the two-
dimensional tangent correlation yields correct results for the persistence length.
Beyond the confirmed lp of previously measured n-HTs, I assessed the persistence
length of new n-HTs. By the introduction of 4HTs and 14HTs, I extended the range
of available stiffness to softer (4HT) and stiffer filaments (14HTs). In conclusion, these
DNA n-helix tubes are purely synthetic polymers, programmable in their circumference
and accordingly in their lp by over more than one order of magnitude (Fig. 4.4).
Here, I was assisted by Tina Händler in the performance of experiments and data
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Figure 4.4.: Persistence lengths of different n-HTs determined from various methods.
lp was previously derived from freely-fluctuating, immersed n-HTs ( ) and
successfully modeled as a “swollen tube” ( ), cf. (2.70) and (Schiffels,
Liedl, and Fygenson 2013). Here, this data was confirmed and extended by





The system of DNA n-HTs enabled me to quantify the changes in emergent network
mechanics resulting from systematically varying lp without making any changes to the
underlying material.
I confirmed the formation of isotropic networks by n-HTs with AFM imaging of dried
samples (cf. Fig. 4.5). This assumption was a prerequisite for the investigation of their
mechanical response with dynamic shear rheology. My comprehensive study of the
viscoelasticity of these system included experiments that attenuate test conditions such
as frequency or strain and moreover experiments based on different assembly conditions
such as concentration or lp. This facilitated the first comprehensive study of the scaling
law
G0 ∝ cαlβp .
Auxiliary measurements aimed to verify the prerequisites of the system of a tightly-
entangled network of semiflexible polymers. These are the entangled vs. cross-linked
nature or the origin of the mechanical response from bulk material vs. surface effects,
namely interfacial elasticity.
I was assisted by Martin Glaser and Jessica Lorenz in the performance of AFM
experiments. Martin Glaser and Jörg Schnauß assisted in some rheology experiments.
4.2.1. Scaling with Frequency and Strain
The actual test sequence, as described in Sec. 3.3.2, comprises a series of frequency
and strain sweeps. Here, f or γ are incrementally increased while the other quantity
remained constant to study the orthogonal axes of the phase space. An exemplary
frequency sweep of an 8HT at 6 µM is displayed in Fig. 4.6(a). It reveals two things:
(i) The response is predominately elastic in the range 10−3 Hz to 10 Hz. The elastic
modulus G′(f) exceeded the viscous modulus G′′(f) by approximately one order of
magnitude and no crossover between the two moduli was observed. (ii) In this range,
G′(f) was nearly constant and showed a broad rubber plateau over four decades. Given
a power-law, the elastic shear modulus scales here with a minuscule exponent of 0.036.
The sudden increase of G′ beyond 30 Hz was observed for all frequency measurements
and systems. Even for actin solutions I observed this rise with our rheometer and this
geometry, although this was never reported before. I regards this an artifact from the
rheometer induced by the high angular momentum at high rotation speeds.
The strain sweep (Fig. 4.6(b)) of the same sample can elucidate other aspects of the
viscoelastic behavior. We clearly see a plateau at moderate strain ranging from 0.1 %
to 30 %. This is the linear elastic regime. The system’s response on strain is governed
by a Hookean law, where G′ is the spring constant. Linearity means, G′ is independent
of the strain γ, i.e. G′ 6= G′(γ). Linear elasticity includes the dominance of G′ over G′′
in this range, as we have already observed with the frequency sweep in Fig. 4.6(a). All
scaling laws presented in this work stem from this linear region.
The range below 0.1 % falls below the sensitivity of the rheometer and is prone to




Figure 4.5.: An AFM height scan of 8HT network sample assembled at 4 µM. For
imaging the sample was spin-dried. Thus, the three-dimensional network
was physically projected onto the mica surface.
fall below G′′ at even higher strains. This fluidization was irreversible within both the
normal time span of my experiments and after several hours. Measurements recorded
immediately after application of such a large strain are qualitatively different. G′ is
orders of magnitudes lower and the response is dominated by G′′. I attribute this
behavior to irreversible damage caused to the system.
The strain sweeps obtained at different concentrations and for different n-HTs, i.e. lp,
are qualitatively the same (cf. Fig. 4.7(b)). We see the noise at low concentrations or
soft filaments. The sudden drop in G′(γ†) can be observed in every measurement. The
onset γ† decreases with increasing lp and concentration. That means, stiffer networks
fluidize at lower strains – they strain-soften. We observe no strain-stiffening, which is
a characteristic for entangled polymer systems.
The 8HT example shown in Fig. 4.6 is a representative result for the entire set of
n-HTs at all concentrations and their viscoelastic behavior.
4.2.2. Scaling with Concentration and Persistence Length
The frequency and strain sweeps (limited to the linear elastic regime) served as the data
basis for an average elastic plateau modulus.
Due to the absence of a local minimum in G′′, the common definition of G0 given
via G0 = G′(f)|G′′→min (C. Liu et al. 2006) was inapplicable and I chose the value of
G′ manually but consistently with previous studies (Hinner et al. 1998; C. Liu et al.
2006; Palmer et al. 1999). The impact of potential deviations is minute due to the
pronounced plateau in G′ and the focus on scaling laws rather than absolute values
as previously pointed out by Hinner et al. (1998). The value G0 = G′(1 Hz, 5 %) was
averaged from all reversible experiments performed. In consequence, measurements
after the application of the high strain as shown in Fig. 4.6(b) were excluded from
evaluation as described in the corresponding methods Sec. 3.3.3. This plateau value
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(a) The frequency sweep at γ = 5 %.
















(b) The strain sweep at f = 1 Hz.
Figure 4.6.: The viscoelasticity of an 8HT sample at 8 µM as obtained by dynamic shear
rheology. Raw data was log-scale binned (bin size = 3 data points).























(a) Strain sweep G′(1 Hz) at 13 µM for all n-
HTs.



















13 µM 3 µM
8 µM 2 µM
6 µM 1 µM
4 µM 0.5 µM
(b) Strain sweep G′(1 Hz for all concentrations
of the 9HTs.
Figure 4.7.: The strain behavior of n-HTs: strain-softening.
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(b) Persistence length scaling of G0(1 Hz, 5 %).










(c) The exponent α in G0 ∝ cα.









(d) The exponent β in G0 ∝ lβp .
Figure 4.8.: G0 scaling of n-HT networks.
G0 was computed for all assembly conditions, i.e. all concentrations c and all different
n-HTs. The circumference of the n-HTs in terms of number of DNA duplexes n can
be easily translated into persistence lengths as I explained in the previous Sec. 4.1 and
summarized in Tab. 4.1.
In Figure 4.8, this elastic plateau modulus G0(c, lp) was plotted for both the indepen-
dent parameters of persistence length and concentration. Between 0.5 µM and 20 µM,
G0 increased monotonically between 50 mPa and 20 Pa for all nHTs (Fig. 4.8(a)). We
can approximate this scaling with a power-law G0 ∝ cα and obtain exponents that ac-
cumulate around α = 7/5 (Fig. 4.8(c)). The actual mean of exponent α for all different
n-HT at a strain of 5 % and strain rate of 1 Hz as shown in Fig. 4.8(c) is 1.32± 0.13, as
obtained via bootstrapping. 4HTs at low concentrations are very soft (low sub Pascal
range) falling below the sensitivity of the rheometer.
The major achievement with these measurements is the possibility to evaluate the
scaling of G0 with respect to lp. Each curve in Fig. 4.8(b) represents one specific
concentration. With increasing lp, I found a monotonic increase of G0. Given a power
law G0 ∝ lβp , exponents are found to accumulate around β = 1 (cf. Fig. 4.8(d)). The
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exact numerical values computed via bootstrapping from the data in Fig. 4.8(d) are
β = 0.90± 0.12. In the range of linear elasticity these scaling results are universal
and independent of the choice of strain and strain rate (cf. Fig. 4.9). In conclusion,
these shear rheology measurements assessed the concentration and persistence length
dependencies of G0 and I found an overall scaling relation that complies with
G0 ∝ c7/5lp. (4.1)
In the linear elastic regime, I observed those trends irrespective of the actual strain
or strain rate (cf. Fig. 4.9). For several points in the strain/strain-rate phase space,
namely slower strain rate (0.1 Hz, Fig. 4.9(e) and (f)) or higher strain (10 % strain,
Fig. 4.9(c) and (d)), I obtained the same scaling. In conclusion, the scaling in (4.1) I
found is robust.
4.2.3. Surface Passivation
To resolve the effect of interfacial elasticity, samples were treated with two differ-
ent agents. The purpose was to cover the water-air interface and prevent the pref-
erential binding of dissolved molecules to this interface and suppress agglomeration
(Fig. 4.10(b)). As a control, no surfactant or phospholipid was added and the evolution
of the elastic plateau modulus was monitored over a time course of 8 h (Fig. 4.10(a),
with repetitive dynamic excitation (γ = 5 %, f = 1 Hz)).
The time course without Triton X-100 displays a rapid increase in the initial 2 h
towards 3 Pa to 4 Pa, followed by slight increase in the next 6 h that resembles almost
a plateau. The magnitude corresponds perfectly to the values with Triton X-100 (cf.
Fig. 4.6). The similarity in the mechanical response between all passivation techniques
is evident in Fig. 4.10(b). The frequency sweeps for G′ and even G′′ are on par with
the unpassivated sample.
In summary, the interfacial elasticity is negligible for DNA n-HTs and no passivation
procedure is neccessary.
4.2.4. End Caps
Due to the underlying architecture, each of the n-HT has unpaired single stranded DNA
sequences dangling from both ends (cf. Fig. 2.23(a)). To elucidate if these “sticky ends”
have a significant impact on the entangled DNA networks, measurements with 8HTs
featuring “blunt ends” were performed.
Short DNA strands complementary to the unpaired single stranded DNA domains
were added to block the respective end. A simultaneous blocking of both ends would
lead to a depletion of the capping sequence since complementary motifs are themselves
complementary to each other. Thus, I only protected one specific end of the tubes,
namely the “left” end in Fig. 2.23(a). The according capping sequences had only one
binding partner in the sample, the filament’s left end. Using the length distribution
and concentrations, I was able to calculate the number of 8HT ends. To cap potential
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0.1 Hz, 5 %
Persistence Length [µm](f)
Figure 4.9.: The scaling of the elastic plateau modulus in the linear elastic regime is
robust and independent of the actual strain and strain rate.
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(a) The time course of equilibration over the
first 8 h with no surface agent present.



















(b) Frequency sweep after equilibration for dif-
ferent durations and different surface pas-
sivation agents.
Figure 4.10.: The effect of surface passivation on 8HT samples at 8 µM. The response
is insensitive to surface treatment.
with respect to the calculated end concentration (Fig. 4.11). These end caps were added
after the network was already formed. Previous addition of the end caps would have
induced defects during the hybridization of the 8HTs. Samples were equilibrated for
either two or eight hours before measurements were performed.
For moderate end cap concentrations (1-fold and 10-fold excess) the network remained
unchanged. This strongly indicates that the sticky ends of the n-HTs have no measur-
able influence on the network properties. For a 100-fold excess, the elastic plateau
modulus drops by a factor of two. I attribute this behavior to a shift in the length dis-
tribution of the 8HTs since such a high concentration of free ssDNA potentially disturbs
the preformed n-HTs through the introduction of internal defects to the tube structure.
It is known for other semiflexible filaments that shorter filaments yield softer networks
(F. G. Schmidt, Hinner, and Sackmann 2000). Different incubation times of 2 h or 8 h
had no effect on the macroscopic mechanics. In the concentration regime addressed in
my experiments, the influence of n-HT ends has been proven to be negligible.
4.2.5. Buffer
As outlined in Secs. 2.3.1 and 2.4, there is an impact of the dissolved cations on the chain
mechanics of the polyeletrolyte actin. Surrounding DNA, Mg2+ ions form a condensed
counter-ion cloud that screen the line charge of DNA and can act as a non-localized
cross-link. The divalent ion might serve as a “glue” interconnecting two negative charges
with its electron valencies. With this motivation, I studied the effect of Mg2+ on network
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Figure 4.11.: Elastic plateau modulus G0 for 8HT at 8 µM with no end caps, a 1-fold,
10-fold and, 100-fold excess with respect to the calculated n-HT end con-
centration.
mechanics.
Magnesium, provided as the salt MgCl2 is essential for the successful hybridization
of DNA constructs (Duckett, Murchie, and Lilley 1990). DNA’s high line charge of
5.9 e nm−1, that even exceeds actin’s, is screened by counter-ions during hybridization.
Hence, I altered the MgCl2 concentration after successful structure formation and prior
to mechanical characterization.
I followed two approaches to alter the counter-ion cloud. (i) I added excessive Na+ to
replace Mg2+ that conserve the screening but eliminate the cross-link possibility of the
divalent ion. (ii) I added excessive Mg2+ to further increase the potential cross-linking
effect. The effect of these treatments on the elastic response is shown in Fig. 4.12.
Upon the addition of both ions, we see some minor variance from the initial value
in both directions, but no evident trend nor any other drastic change in G0. Since the
significant alteration of the counter-ion cloud does not affect the network mechanics, I
conclude the role of Mg2+ as an abundant cross-linker is negligible.























Figure 4.12.: The alteration of the counter-ion cloud after hybridization does not affect
the elastic plateau modulus of DNA 8HT. Neither excess Mg2+ ( ) to
8HT at 8 µM nor excess Na+ ( ) to replace standard Mg2+ of 8HT
at 6 µM significantly changes elasticity. G0 remains on the level of the
standard magnesium content of 12 mM.
4.3. Reptation
I performed reptation experiments to verify the entangled nature of DNA n-HT net-
works with another independent approach. The occurrence of reptating motion itself
would be a sign of the absence of cross-links. Furthermore, the fluctuations within the
tube were used to quantify the mesh size ξ and confirm its magnitude and concentration
dependence with existing studies (de Gennes et al. 1976; C. F. Schmidt et al. 1989).
The relation of the macroscopic concentration c, expressed via the mesoscopic mesh
size ξ, and the mesoscopic quantities tube width D and persistence length lp is captured
by the scaling law (2.56). I applied the length corrected version (2.57) from (Sec. 2.1.3.5)
as derived by (Hinsch, Wilhelm, and Frey 2007).
Since we know the persistence length of a given n-HT from the study of adsorbed
filaments, we are left with determination of tube width D and contour length L.
Here, I was assisted by Tina Händler and Tom Golde in the performance of experi-
ments and data analysis.
4.3.1. Contour Processing
The contour length L of the reptating filament was acquired from averaging the contour
length obtained by JFilament for the first 10 s of data (cf. Sec. 3.5.1.6 on page 67).
The determination of the tube width D was more elaborate. It comprised two inde-
pendent analyses to obtain (i) the mean position of the tube 〈r(s)〉tτrep and (ii) its
width D(s).




(a) The Reptation Tube: 600 images overlaid,
representing the conformation of the tracer
filament over the time course of 1 min. The
contour of tube, i.e. the primitive chain
〈r(s)〉, was tracked by JFilament ( ).















(b) Overlay of all individual filament configu-
rations ri(s) (e.g. ) during 60 s tracked
from single images. Along equidistant nor-
mals of the primitive chain n(s) ( )
the tube width D was measured as in
Fig. 4.14(a).
Figure 4.13.: Tracking of the reptation tube and individual contours to obtain the tube
width D.
its mean spatial configuration in Fig. 4.13(a). Here, all images of the time series of
one filament were summed up and normalized. The width of tube is larger than the
width of single filaments (cf. Fig. 4.1) and varies over the the contour. Some regions
are narrow, localized and bright, others broader and smeared out. Especially one end
in the lower right is delocalized and blurred. This can affect the tracking of the end and
virtually shrink the contour length L. (see Sec. 3.5.1.6). A side effect of this averaging
is the generally enhanced contrast, reduced background noise and improved tracking of
those features. I derived the average tube backbone, i.e. primitive chain 〈r(s)〉 from
these cumulative images with JFilament and approximated it with a B-spline function.
Equidistant slices through the primitive chain were computed as normal vectors n(s)
along the backbone with n(s) · t(s) = 0 and t(s) = drds/|drds |. The tube width was
evaluated along these normal vectors (cf. Fig. 4.13(b)).
However, the width itself was calculated not from the cumulative image. A single
filament of a physical diameter of ≈ 10 nm has a much larger width when imaged in
epi-fluorescence microscopy (see single filament Fig. 4.1). This is described by the
point spread function, that originates from the diffraction of light at apertures as in
microscopes.1 With my values, i.e. an NA of 1.4 and the red/yellow emission of
Cy3/TRITC we face a lower bound for the tube width of 0.5 µm when derived from
such averaged images as Fig. 4.13(a). I expected the mesh size to be of this order of
1We encounter the optical resolution limit given by the Rayleigh equation (Davidson and Abramowitz
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(a) Kernel density estimate ( ) of intersection
points of single filament contours ri(s′) and
the normal of the tube backbone n(s′) at
one arbitrary arc position s′. The approx-
imation with a Gaussian ( ) yields the
standard deviation σ(s′).


















(b) Standard deviations σ(s) are plotted along
the entire contour. The filament’s tip re-
gions (first and last micro meter) are ex-
cluded from averaging σ.
Figure 4.14.: The tube width D = 2σ is obtained from slices through (a) and averaged
along the backbone (b).
magnitude and preferred a different deduction.
Each contour ri(s′), ∀i ∈ [1, . . , N ] was tracked individually in each frame and fitted
with a B-spline function. Filaments were observed reptating back and forth within the
tube. The intersection of each contour with the normal n(s) of the primitive chain was
computed and I obtained N points along each normal
hi(s) = 〈r (s)〉 − ri(s),
representing individual transverse displacements from the mean contour (cf. Fig. 4.13(b)
The distribution P(h(s)) was approximated with the help of these samples hi(s) via a
kernel density estimation (cf. Sec. 3.6.3). The window bandwidth was set to the actual
diameter of an 8HT, i.e. 7.4 nm or 8 nm for actin respectively. This resulted in a kernel
density estimation closely resembling a normal distribution, which I approximated by a
Gaussian by least-squares optimization with the free parameters mean, normalization
1999, p.5) motivated by Ernst Abbe to be
d = 1.22 λNA ,
denoting d the lowest distance, two points are still discriminable, λ the wavelength of the observation
























Figure 4.15.: The mesh size of 8HT DNA ( ) and actin ( ) networks for the same line
density. Theoretical prediction for entangled networks of worm-like chains
is ξ ∝ c−1/2 ( ).
and standard deviation σ (cf. Fig. 4.14(a)). According to previous definitions (Glaser
et al. 2010; Morse 1998a), I used this standard deviation to obtain the tube width at
each point s
D(s) = 2σ(s).
As stated above, the fluctuations of the filament ends are strong and tend to leave
the focal plane. Hence, microscopic imaging resulted in a blurred area at the tips that
does not represent the actual tube (cf. Fig. 4.13(a)). For the calculation of the mean
tube width D, I ignored the first and last micrometer and limited the averaging of D(s)
to the inner region of the contour (cf. Fig. 4.14(b)).
4.3.2. Mesh Size
With D, L and lp measured, I was able to compute the mesh size ξ with the length
corrected formula (2.57). The results of 17 individual samples at different concentrations
of 8HT are shown in Fig. 4.15. In the case of actin, each of the 6 data points in Fig. 4.15
is an averaging of 10 individual filaments. To compare the same concentrations of
contour length per unit volumes, the monomeric concentrations are rescaled by a factor
of 2.6, i.e. a shift along the x-axis in the log log plot. The axial rise per monomer is
2.75 nm for actin (see Sec. 2.3.1) and 7.14 nm for the DNA n-HT (see Sec. 2.3.4.3). This
yields a conversion factor n-HT to actin concentration of ∼ 2.6.
The mesh size decreases with increasing concentration for both systems, DNA 8HTs
and actin. This trend can be well compared with a scaling law ξ ∝ c−1/2 for both
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systems. This exact scaling law has been theoretically predicted (de Gennes et al.
1976) and reported for networks of semiflexible polymers as measured by microparticle
diffusion (C. F. Schmidt et al. 1989).
4.4. Inextensibility
Here, I was assisted by Tina Händler in the performance of experiments and data
analysis.
Worm-like chains were comprehensively introduced in Sec. 2.1.1.3. They are defined
as non-compliant to stretching, i.e. inextensible, which is mathematically set by the
constraint |t(s)| = 1 (2.16). The release of this constraint does not necessarily mean
the full mechanical response of a single chain is governed by the enthalpic stretching
term. Depending on the (relative) spring constants of entropic bending and enthalpic
stretching, both mechanism contribute on different force scales (cf. Sec. 2.1.2.2). This
directly affects network elasticity, depending on the model (Secs. 2.1.3.1 and 2.1.3.4).
To understand the model system of DNA n-HTs comprehensively, I studied the degree
of extensibility of 8HTs at the scale of thermal energy in comparison to entropic bending.
Of course, in this context the quantity of interest is the contour length L. I examined
two related quantities and studied their correlation with L: (i), the actual bending
curvature at one particular time and the corresponding L and (ii), the distribution
width of L for a given filament, as measured by the standard deviation σ(L) over the
time course of observation.
For this purpose, I examined the time series of embedded tracer filaments immersed
in a background network as with the reptation study (cf. Sec. 4.3). The analysis of the
contour length was restricted to the first 10 s of these data sets, i.e. 100 contours, due to
the defocusing of dangling filament tips as discussed in Sec. 4.3. The tracked contours
were approximated with a B-spline representing ri(s). The radius of curvature R is
simply given by the second derivative of this B-spline (2.17). In Figure 4.16(a), I plot
the mean curvature 1/R for each contour for several filaments at several concentrations.
Each filament is plotted separately. For a given filament, L fluctuates around a mean
value 〈L〉. This mean value 〈L〉 is constant and obeys no trend. I expect extensibility
to manifest in an extended length in the case of high thermal forces. In the event of
high load as probed by the bending curvature, an enthalpic stretch-compliant chain
should simultaneously extend to accommodate the current load, if the spring constants
of bending and enthalpic stretching compare. This extension of the contour length
should be significant and detectable by optical means (L ∝ (1/R)x).
Studying the data presented in Fig. 4.16(a), we observe a significant variation from
sample to sample in L, however, no correlation of 〈L〉 and curvature. To eliminate
the sample to sample variation, I normalized the contour length to the mean 〈L〉 in
Fig. 4.16(b). Again, I found no general trend L ∝ 1/R, as all curves collapse onto one
noisy but constant master curve.
Complementary, I studied the magnitude of the fluctuations in L. In Figure 4.17,














































(b) Normalized contour length vs curvature.
Figure 4.16.: The contour length is uncorrelated with different thermal forces as gauged
from bending by the mean curvature. Probed at different network densi-
ties.
filament. Here, a relevant stretching compliance should reflect in a correlation with
contour length. A small but constant per-segment extensibility should add up with
increasing length and increase at least with σ(L) ∝
√
L. Systematic detection errors
are limited to a constant σ(L). Based on my measurements on filament contours, we see
no such correlation of the deviation of contour lengths Fig. 4.17. Hence, the distribution
width is governed by an additive systematic detection error.
I demonstrated two independent measures to quantify the stretching compliance.
Within the detection error I found no sign of thermally excited stretching modes. Thus
I confirmed the inextensible nature of the DNA 8HTs at the scale of kBT . I expect this
to be indicative for all other n-HT sharing the same structural motif.
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Figure 4.17.: The standard deviation σ(L) does not correlate with the contour length L.
Hence, the distribution width is governed by additive systematic detection
error.
4.5. Cross-Linked DNA n-Helix Tubes
So far, I have studied entangled and explicitly non-cross-linked networks. However,
many biological and synthetic polymer networks have indeed cross-links that give the
system new mechanical properties. The most prominent of these features is the in-
creased elasticity due to cross-linking (Gardel et al. 2004). Here, I intended to broaden
the available elastic properties of my n-HT networks by the introduction of synthetic
cross-links.
I formed (chemical) cross-links by the extension of two constituting tube strands
into the surrounding medium, namely U2CL and U5CL. The additional cross-linker
(CL) complements both extensions and interconnects the two adjacent tubes. See Sec-
tion 3.5.3 for details on the structure and physical properties of CL. DNA n-HTs were
hybridized in the absence of the cross-link and loaded to the rheometer. After a settling
time of 4 h, CL was added at a monomeric ratio 1:10 (CL : 8HT tube subunits) and the
sample was equilibrated for another 8 h.
The time course of the elasticity G0 was monitored during this period and a typical
example is shown in Fig. 4.18(a). The initial period without CL present resembled the
equilibration characteristics of the entangled n-HT network (cf. Fig. 4.10(a)). A rapid
increase in the first 30 min was followed by a slow increase slightly approaching the
plateau value of ≈ 3 Pa to 4 Pa. Note, at this time the sample chamber between the
rheometer’s cone and plate was not entirely filled with sample volume which probably
caused artifacts. Upon the addition of CL after 4 h, the sample chamber was correctly
filled with the sample volume. The recorded elasticity dropped slightly below 3 Pa





















(a) Time course of the elasticity during equili-
bration and addition of CL.

















(b) Frequency sweep after 15 h of equilibration
with and w/o CL.
Figure 4.18.: The effect of cross-linking with 0.8 µM CL on the elasticity of DNA 8HT
at 8 µM.
steadily increased to roughly twice the value of entangled 8HT networks at the same
concentration. I speculate the sample was not yet fully equilibrated after this 12 h
time course, since G0 in Fig. 4.18(a) had not reached a plateau value. The elasticity
potentially might increase even more.
This is in contrast to the measurements on entangled networks (Sec. 4.2). As shown
in Fig. 4.10(a) G0 plateaus more rapidly after about 4 h. During the successive test
sequence of several frequency and time sweeps lasting several hours, I saw no significant
increase in G0. Hence, the elasticity is significantly affected with the cross-linked n-HTs.
In Figure 4.18(b) I plotted a frequency sweep comparing the shear modulus of the
cross-linked network and the entangled network lacking the CL strand. This 8HT entan-
gled network comprising U2CL and U5CL serves as a control experiment, thus exposing
the dangling ends of U2CL and U5CL to the medium. We see no qualitative difference
in the mechanical response compared to the original compact n-HTs comprising U2
and U5 (cf. Fig. 4.6(a)). Thus the dangling ends do not impose additional stickiness
altering the mechanics of the network.
The cross-linked network, however, is twofold stiffer than its entangled pendant. The
elastic modulus G′ exceeds G′′ over the entire scanned range. The pronounced rubber
plateau over 4 orders of magnitude is still conserved.
Interestingly, the cross-linked networks are stiffer but show no qualitatively different
mechanical response. In particular, the strain sweep shows no signature of strain-
stiffening (data not shown) and compares very well to the response of entangled n-HT.
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In the introduction, I asked the central question of networks formed by semiflexible
polymers – the driving question of this work: How are macroscopic and microscopic
stiffness related? Or to rephrase this in physical terms introduced in the background
chapter: How does the network’s linear elastic plateau modulusG0 scale with a change of
the filament’s persistence length lp? And assuming a power-law: What is the exponent
β in
G0 ∝ lβp? (5.1)
5.1. Limitations of Established Semiflexible Model Systems
Some main aspects of the single filament and their relation to the macroscopic network
mechanics have already been addressed experimentally. For example, the most acces-
sible – the density of single filaments in the network given by the concentration – was
studied before (Hinner et al. 1998; MacKintosh, Käs, and Janmey 1995). The effect of
the mean filament contour length was elucidated by means of the actin binding protein
gelsolin (Kasza et al. 2010; Jiayu Liu et al. 2006). Cross-linked networks were studied
with ABPs addressing cross-link concentration (Gardel et al. 2004; Lieleg, Claessens,
and Bausch 2010; Müller et al. 1991) and cross-link transience (Lieleg et al. 2008).
All these properties could be studied employing the established model system actin
and its binding proteins (cf. Sec. 2.3.1). However, the defining quantity for the class
of semiflexible polymers in the framework of worm-like chains is their stiffness quan-
tified by the persistence length. For semiflexible polymers, this length is at the order
of the physical extension, the contour length of the individual filament. Strikingly,
the variation of lp for the model system actin is very limited as reviewed in detail in
Sec. 2.3.1.
A number of ABPs do indeed affect lp, but not exclusively. There are known side-
effects on treadmilling (Estes, Selden, and Gershman 1981), actin-myosin-interaction
(Nabiev et al. 2015), cross-linking (Greenberg et al. 2008), or stability (De La Cruz
2009; Jensen et al. 2012). Irrespective of these side-effects, ABPs can increase actin’s
native persistence length up to two-fold (phalloidin, tropomyosin (Isambert et al. 1995)
and caldesmon (Greenberg et al. 2008)) or decrease lp by a factor of two to four (calponin
(Jensen et al. 2012) and cofilin (McCullough et al. 2008), respectively).
The impact of divalent ions is less pronounced (Hocky et al. 2016; Kang et al. 2012).
However, the amounts of calcium or magnesium necessary for an ample variation of
the parameter lp are high enough that they immediately promote bundling in dense
networks (Tang and Janmey 1996).
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Intermediate filaments (Sec. 2.3.2) fall into the same class but do not meet the in-
extensibility criterion |t(s)| = 1 (2.16). A comparative study of lp across different
biopolymers is rendered difficult due to their variation in multiple aspects, e.g. mean
contour length, extensibility or stickiness.
The vast majority of synthetic polymers fall into the class of flexible polymers. Re-
cently, different new semiflexible polymers were innovated, that are promising candi-
dates for my study at first glance (cf. Sec. 2.3.3). Single-walled carbon nanotubes
display a polydisperse distribution of diameters and thus persistence lengths, hamper-
ing a deterministic variation of lp (Fakhri et al. 2009). In addition, the short contour
length renders them stiff rods (Fakhri et al. 2010). Grafted polyisocyanopeptides of-
fer the ability to systematically tune their bending rigidity in the semiflexible regime
(Kouwer et al. 2013). However, they tend to form cross-linked networks (Jaspers et al.
2014).
This disqualifies actin together with other biopolymers (Sec. 2.3.2) and synthetic
polymers (Sec. 2.3.3) as a model system for the meticulous study of the impact of the
persistence length. I identified the self-assembling DNA n-helix tubes as a potential
candidate to elucidate this central question of the scaling (5.1). I comprehensively
characterized the n-HTs to put the central rheological test on the tunable persistence
length on a firm footing.
5.2. DNA n-Helix Tubes as a Tunable Model System
The unique property of DNA n-HTs as proposed by Yin et al. (2008) is their pro-
grammable monodisperse circumference and accordingly their filamentous bending stiff-
ness. I verified and extended initial studies (Schiffels, Liedl, and Fygenson 2013) of the
tunable persistence length of n-HTs in Sec. 4.1. I used a set of DNA n-HTs comprising
four to fourteen DNA duplexes with a persistence length ranging from 1.2 µm to 26 µm.
Networks comprising these monodisperse DNA tubes were probed with macroscopic
shear rheology for every lp (cf. Sec. 4.2). Together with a meticulous variation of fil-
ament density by the monomeric concentration during assembly, this system enabled
me to devise the scaling of G0 with concentration and lp (5.1) (Schuldt et al. 2016). As
shown in Sec. 4.2.2, I found an overall scaling in accordance with
G0 ∝ c7/5lp. (5.2)
The exact exponent of concentration scaling is α = 1.32± 0.13 and of persistence
length scaling is β = 0.90± 0.12. Within the error range, I regard them as the rational
exponents c7/5l1p. I found these robust values all across the linear elastic regime: for
example at higher strains (10 %, cf. figs. 4.9(c) and 4.9(d)) and slower strain rates
(0.1 Hz, cf. figs. 4.9(e) and 4.9(f)).
Here, I quoted the exponents α and β of a given power-law behavior. They were
extracted from data covering a range of 1.6 (1.33) orders of magnitude, sampled nine
(six) times in the respective domain. This range is definitely too narrow to verify the
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power-law itself. The validation of power-laws is delicate, since log-normal and expo-
nential distributions can display comparable linear trends in a log-log representation in
specific ranges (Clauset, Shalizi, and Newman 2009). However, theoretical approaches
all state a power-law (cf. Sec. 2.1.3) rendering a sensible premise for the deduction of
the characterizing exponent.
On the other hand, semiflexible polymers in general are defined by their ratio of




This condition effectively limits a parametrized study to such a small band in lp, when
all others parameters, in particular L shall be fixed. Based on the length distribution
obtained by Yin et al. (2008) with a mean of L ≈ 5.9 µm and the range of available








This tightly matches the semiflexible range (5.3). Extending this range further to
obtain a better scaling result and to validate the power-law in (5.2) would violate the
semiflexible condition (5.3). In consequence, I probed the semiflexible model system in
the entire accessible range and deduced a scaling to the best precision.
5.3. Validation as an Entangled Semiflexible Model System
Beyond the central study of the impact of persistence length on the network mechanics,
I characterized other facets of the DNA n-HT system to verify the central assumption
of a topologically entangled network formed by inextensible semiflexible chains.
The approach to validate the entangled nature was manifold. I observed several phe-
nomena typical for entangled networks. Complementary, I examined several potential
pathways for cross-linking by adjusting their magnitude and comparing the impact on
the mechanical response.
Strain sweeps (Fig. 4.7) revealed a broad linear elastic regime followed by a strain
softening. Cross-linked networks in contrast, would display strain stiffening (Gardel et
al. 2004; Storm et al. 2005). Additionally, tracking individual filaments within the net-
works as illustrated in Fig. 4.13 revealed a freely reptating motion in tube-like regions
(de Gennes et al. 1976). Cross-links would suppress this characteristic thermal motion
(Käs, Strey, and Sackmann 1994). Those spatio-temporal traces were used to compute
the tube width and mesh size and its scaling with concentration (cf. Sec. 4.3.2). The
mesh size ξ was at the micrometer scale and the resulting scaling ξ ∝ c−1/2 was consis-
tent with my own reptation-based data on actin filaments as well as previous studies.
Both, the theoretical prediction (de Gennes et al. 1976) and micro-particle-based studies
(C. F. Schmidt et al. 1989) yielded the same result.
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I identified two potential routes for the formation of cross-links. The filament tips
expose sticky ends and may act as seeds for branched structures, whereas the diva-
lent magnesium cations mediate sliding stickiness between adjacent negatively charged
tubes. I blocked the filament tips with excessive “end caps” after hybridization and
observed no decrease in elasticity nor any fluidization (cf. Sec. 4.2.4). The addition of
excessive MgCl2 or monovalent, non-linking NaCl did neither increase nor decrease the
elasticity (cf. Sec. 4.2.5). Affecting the magnitude of both pathways does not result
in a changed mechanical response. I conclude that both approaches do not contribute
effective cross-links.
The inextensible nature of DNA n-HTs was demonstrated through analysis of con-
tour lengths, subsequent distribution and curvature (cf. Sec. 4.4). I found no sign of
thermally excited stretching modes and conclude that the enthalpic spring constant is
much larger than the entropic one. Upon small forces, this makes the filament respond
predominantly by bending and entropic stretching, just as other semiflexible filaments
such as actin (De La Cruz and Gardel 2015) or dsDNA (Bustamante et al. 1994).
This conclusion is supported by mechanical studies on the individual filament (Bus-
tamante et al. 2000). Up to an extension of around 30 %, the force-extension is purely
governed by entropic stretching (cf. Fig. 2.5 in Sec. 2.1.2.2, and Bustamante et al.
1994). The following non-linear high force regime is a cross-talk of the the worm-like
chain model (2.40), with increasing compliance from enthalpic stretching at ∼ 100 %
(S. B. Smith, Cui, and Bustamante 1996). Eventually at around 65 nN, the confor-
mation undergoes the enthalpic transition from the typical B-Form to a 70 % longer
configuration (S. B. Smith, Cui, and Bustamante 1996). For a 10 µm dsDNA, this
means spring constants kκ = 10−5 pN nm−1 for the entropic and kµ = 105 pN nm−1
for the enthalpic contribution (Bustamante et al. 2000). For small extensions, a single
dsDNA strand will respond exclusively as an entropic spring. However, the DNA n-
HT are comprised of n parallel and interwoven DNA duplexes with nicks every 21 bp
featuring opposing trends. The parallel arrangement should linearly increase enthalpic
stiffness whereas the nicks should reduce this stiffness. I conclude that my experiments
on the linear elasticity of n-HT networks are free of enthalpic contributions. In contrast,
when exploring non-linear effects at high strains, this extensibility will impact the me-
chanical response. I advise further single molecule stretching experiments to obtain the
full force-extension-relation as performed with dsDNA (Bustamante et al. 1994; S. B.
Smith, Finzi, and Bustamante 1992).
The sample geometry in shear rheology can induce a significant artifact from the
sample-air interface (cf. Fig. 3.2). Dissolved polymers might accumulate there and
form a rigid “interfacial” layer or shell, that dominates the elastic response. This
has been observed with actin (Müller et al. 1991) or intermediate filaments such as
keratin (Yamada, Wirtz, and Coulombe 2003) and was suppressed with a coverage by
surfactants or phospholipids. I compared the influence of these passivation approaches
with non-passivated measurements and found no significant difference (cf. Sec. 4.2.3).
I conclude there is no tendency of DNA n-HTs to cluster at the air-water interface and
therefore there is no effect and no need in passivating this interface. This is consistent
with previous studies on DNA rheology, where no surface passivation technique was
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applied (Bravo-Anaya et al. 2016; Taki et al. 2013). Dynamic shear rheology studies, as
I performed them, are not subject to interfacial elasticity obscuring bulk viscoelasticity.
Consequently, the DNA n-HT networks can be considered purely entangled and com-
pare well to the previously employed model system of actin networks. The resulting
scaling of the shear modulus with concentration and persistence length is representative
for the class of semiflexible polymer networks
5.4. Impact on Existing Theories
Due its abundance in cell biology and synthetic chemistry, this class of semiflexible
polymer networks has been subject to theoretical modeling over the last decades. The
conceptual path towards the current established model, the tube model (de Gennes
1979; Morse 1998a,b), was reviewed in great detail in the background chapter of this
work, emanating from the single filament (Sec. 2.1.1), via their force-extension-relations
(Sec. 2.1.2.2) eventually attaining the network level with different models (Sec. 2.1.3).
They aim to predict macroscopic network properties (e.g. viscoelasticity) from the
microscopic ingredients (e.g. density, orientation, stiffness, length, etc.) but differ
significantly in the leading interaction mechanisms and the way this complex many-
body problem is captured.
Two opposing approaches may be considered to model such systems.
The affine network approach assumes macroscopic deformation to be mapped affinely
on the filaments level (MacKintosh, Käs, and Janmey 1995). The elastic plateau
modulus is governed by the linear extension and contraction of entropic springs (cf.
Sec. 2.1.3.1) and results in
G0 ∝ cl2pl3ekBT (5.4)
∝ c11/5l7/5p . (5.5)
Such scalings could be verified in cross-linked systems (Gardel et al. 2004; Jaspers et al.
2014) which paved the way towards an evolution of the affine-network model correctly
predicting non-linearities at high strain (Jaspers et al. 2014; Semmrich et al. 2007).
On time scales faster than the tension relaxation time τφp the affine assumption and
thus the scaling can hold even for non-cross-linked, entangled systems (Morse 1998b).
However, the pronounced plateau I observed throughout all samples and displayed in
Fig. 4.6(a) scales differently. The exponents are significantly smaller and I conclude the
interaction between adjacent filaments is less specific.
The competing approaches resign from the strong assumption of an affine deforma-
tion. Hence, the distribution of local deformations can be really wide (cf. Fig. 2.11).
The unit cell approach was originally implemented in an affine manner mimicking
the load transduction in large-scale steel beam trusses (Satcher Jr and Dewey Jr 1996).
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It was adapted to thermal fibers (Kroy and Frey 1997) and yielded the following scaling
law
G0 ∝ c2lp.
Interestingly, it captures my observation of the correlation with persistence length cor-
rectly. In contrast, the well-established concentration scaling is reproduced incorrectly.
From a conceptual point of view, this approach has several disadvantages. Filaments
are considered to form the cell. Any chain longer than the typical mesh size introduces
correlation that are not captured by the unit cell approach. Moreover, the assumption
that filamentous deformation should scale with mesh size is questionable (Broedersz and
MacKintosh 2014). In consequence, the unit cell approach is disregarded as a proper
model system for tightly-entangled networks of semiflexible polymers nowadays.
The tube model belongs to the non-affine approaches and is a classical mean-field-
approach where the problem is dissected into a single fluctuating test-filament and all
other chains conceptualized as an effective tube constricting its motions (Hinner et al.
1998; Isambert and Maggs 1996; Morse 2001). Several regimes emerge depending on
filament concentration, contour length, persistence length and the measurement’s time
scale (cf. Sec. 2.1.3.4). The most prominent regime for tightly-entangled polymers
is the low-frequency plateau governed by curvature stress. Here, each collision with
the tube contributes on the order of kBT to the free energy of the system, with the
sum of all collisions constituting the elastic shear modulus. Collisions occur once per
entanglement length (Fig. 2.12) which can be expressed in terms of concentration and
filament stiffness lp via Semenov’s geometric arguments (2.54) and the Odijk length




∝ c7/5l−1/5p kBT. (5.7)
At high frequencies and times shorter than the affine tension relaxation but longer than
the entanglement time, a second plateau with the scaling prediction from the affine-
network model (5.5) can occur (cf. Fig. 2.13 and Tab. 2.1) (Morse 1998b). In contrast,
the n-HTs studied in this work display the exact same concentration scaling as the the-
oretical prediction of the tube model in (5.7) over a wide frequency range. Moreover,
this value has been observed in numerous experimental studies, e.g. macrorheology
(Hinner et al. 1998), diffusing-wave microrheology (Palmer et al. 1999) and particle-
based microrheology of actin solutions (Jiayu Liu et al. 2006; Tassieri et al. 2008a);
macrorheology of keratin networks (Yamada, Wirtz, and Coulombe 2003); and both,
macro- and microrheology of microtubule networks (Y.-C. Lin et al. 2007). Numerical
simulation revealed the same concentration dependence (Hinsch and Frey 2009). Dif-
ferent implementations of the filament-tube interactions resulted in approximately the
same trend (Morse 2001). This is a strong indication that the tube model describes the
mechanics of entangled networks correctly.
98
5.5. DNA n-Helix Tubes as a Tunable Material
The tube model’s scaling with the persistence length of the constituting filaments
has a remarkable form (5.7). A peculiar decrease of the overall network elasticity is
predicted as the filaments become stiffer, i.e. with increasing lp. This originates from
the entropic nature of the entanglement length that inversely affects the elastic plateau
shear modulus (5.6). Less persistent filaments hit the tube more frequently thereby
contributing more to the free energy cost. This correlation of G0 and lp was never
subject to rigorous studies due to a missing programmable experimental model system
as reviewed in detail in Sec. 2.3 and summarized above in Sec. 5.1.
However, one study addressed this question and employed actin (cf. Sec. 2.4). The
persistence length was affected by a drastic alteration of the solvent conditions (Tassieri
et al. 2008a). They reported an lp scaling consistent with an effective medium imple-
mentation of the tube model. Their finding based on two strictly independent values
for lp, which apparently illustrates the limitations of biopolymers such as actin as a
comprehensive model system for semiflexible polymers.
I have overcome this limitation with DNA n-HTs, where I evidently found a linear
scaling of G0 with lp based on six lp values spanning more than a decade. This partic-
ular result is contradicting the yet unverified prediction of the tube model. Since the
(athermal) bending dominated unit cell approach successfully describes this scaling, I
presume the influence of bending is underrated in the tube model. This could enter
the deduction of the plateau modulus at the level of the different regimes, namely the
curvature contribution (2.50, or 5.6). One might rescale this term by lp/le and would
obtain
G0 ∝ lpc9/5 (5.8)
which correlates to my experimentally observed G0(lp) scaling but misses the well-
established concentration scaling. In a recent review of our work, Tassieri (2017) spec-
ulated in the same direction. However, he focused on the MacKintosh model (5.4) and
adapted heuristically Odijk’s entanglement length (2.55) towards matching the persis-
tence length scaling. Compared to (5.8) he obtained an even stronger concentration
dependence of c2 resembling the strong correlation of cross-linked networks.
None of these heuristic approaches gives a satisfactory result and I agree with Tassieri
that there is a need for better models that account for the contributions of both concen-
tration and persistence length toG0 (Tassieri 2017). He proposed that the non-Gaussian
distribution of tube width (Glaser et al. 2010; Glaser and Kroy 2011; Lämmel et al.
2016) and thereby the distribution of entanglement length heavily impact the tube
model and skew its predictions towards my result (5.2). I hypothesize this is a good
starting point for detailed modeling.
5.5. DNA n-Helix Tubes as a Tunable Material
For potential applications as a wide-ranging elastic soft material, I investigated the
possibility of cross-links in DNA n-HT networks in Sec. 4.5. I reprogrammed the tubes
to expose two specific dangling ends, each 12 nt long with a TTTTT-spacer to the in-
ternal tube strand. The actual link was formed by an additional cross-linking strand
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complementing the dangling ends, thus interconnecting two tubes. This approach in-
creased the elastic plateau modulus significantly by a factor of two (cf. Fig. 4.18(b)).
This effect was essentially mediated by the cross-linking strand, since the tube networks
consisting of solely the dangling ends responded exactly as expected for plain n-HTs
(cf. Fig. 4.6(a)).
However, upon the formation of cross-links, I would have expected the elasticity
to increase even more. Actin networks for example stiffen by orders of magnitude
depending on the cross-linker/monomer concentration ratio. For the comparable ratio
of 0.1 of α-actinin to actin, a 103-fold increase in G0 was observed (Lieleg, Claessens,
and Bausch 2010). The same holds for the vulcanization with sulfur of natural rubber
in the process of car tire production (Encyclopædia Britannica Online 1998). Albeit I
provided a high number of possible cross-link sites, I presume only a minor subfraction
did actually form a persistent bond. This conjecture is supported by the absence of
the characteristic strain stiffening (Gardel et al. 2004; Jaspers et al. 2014; Storm et al.
2005) in the supposedly cross-linked n-HTs.
The melting temperature of the 12 nt sequence might be too high with ' 38 ◦C and
the incubation time of 8 h too low to establish a significant number of cross-links. I
recommend follow-up studies mimicking more transient cross-links with a lower the
melting temperature by shortening the sequence or adjusting the composition, i.e. low-
ering the GC-content. Alternatively, a “curing” procedure at an elevated temperature
should increase the number of formed bonds. The possibilities are manifold with the
structurally programmable DNA n-HTs.
5.6. Summary
For the first time, it was possible to characterize networks of semiflexible polymers
by their defining quantity – the persistence length. My findings, facilitated by the de
novo model system of DNA n-HTs, contradict the established picture of semiflexible
polymer networks – the tube model. Beyond this impact on the fundamental science
of polymer physics and soft matter physics, this material may see broad application.
Via the structurally modular, self-assembling nature of the n-HTs, other parameters
of semiflexible networks are readily accessible in an equally programmable way. As
an example, I demonstrated the stiffening of such networks through the induction of
cross-links.
This tunability of single parameters over a wide range makes the unique DNA n-HTs
a versatile material and model system, stimulating both the development of tunable
and smart materials and the evolution of our understanding of the emerging mechanics
of semiflexible polymer networks.
5.7. Outlook
Emanating from my work, I expect a revision of the current network models in the near
future that enables a correct and precise prediction of network properties from first
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principles. Such a theory will have an enormous impact, since semiflexible networks
are abundant in e.g. the human body and every day life. For example, every biological
cell consists of a complex cytoskeleton governing the passive mechanics in cell motility
and invasion in tumor progression (Discher, Janmey, and Y.-L. Wang 2005). Beyond
that, collagen the main constituent of the extra cellular matrix (ECM) is a common
ingredient in food industry, for example in the beloved gummy bears (Hashim et al.
2015).
The concerted alteration of viscoelasticity is a central aim in tissue engineering seek-
ing tunable substrates for cell culture (Engler et al. 2006). A promising path is the
mechanical programming of stem cells to a desired lineage by stiffness matching with
the substrate (Discher, Mooney, and Zandstra 2009). One such candidate of a tunable
material is gelatin with its hydrogel tailored in stiffness by irradiation with a high en-
ergy electron beam (Wisotzki et al. 2014). A mismatch of theoretical predictions and
some macroscopic and microscopic observations has been reported with gelatin, too
(Wisotzki et al. 2017). A concise theoretical quantitative model could assist in this
development, suggesting what parameters to tune and to what extend.
Beyond the basis for such a revised theoretical framework, DNA n-HTs themselves
can serve as such a programmable substrate or three-dimensional matrix. DNA as a
biopolymer has high compatibility with tissue and cells. Enzymatic digestion by DNA
nucleases (DNAses) is an immediate issue when exposed to cell medium (Ponnuswamy
et al. 2017). This degradation can be reduced via for example coating with oligo-lysines
(Ponnuswamy et al. 2017). The newly discovered linear lp scaling of G0 enables a
precise tunability over a broad range, while preserving the mesh size at a fixed value,
suitable for the accommodated cells. This is superior to the current technique, where
the elasticity of such a substrate, for example MatrigelTM is adjusted solely by the
concentration thereby directly affecting the mesh size (Soofi et al. 2009). The cell itself
imposes a limit to the possible mesh sizes, thus restricting the practicable substrate
elasticities. These restrictions dissolve when G0 can be attenuated independently of the
mesh size.
To provide substrate elasticities in the kPa range, I demonstrated cross-linking as a
route to stiffen the material. Once the cross-linking is effective, elasticities in the low-
pascal range should be readily attainable, thus mimicking marrow, brain, fat and muscle
tissue (Discher, Mooney, and Zandstra 2009). In contrast to the usage of different
substrate materials for the growth of desired cell lineages from stem cells, one material
would suffice.
Furthermore, this material can be rendered dynamic with appropriate DNA cross-
links. Strand displacement can serve as a technique to form or break bonds, tuning
the substrate material in the presence of cells. The concept of aptamers, short DNA
sequences that bind proteins due to their tertiary structure with high affinity, could be
employed in the context of “smart” substrates (Ellington and Szostak 1990). On the
release of aptamer targets, e.g lysozyme, thrombin or dopamin, the cross-linking strand
retreats from the cross-linking dangling ends and forms the aptamer with the target,
thereby lowering the substrate elasticity. A complementing pathway is conceivable,
where the exposure of the target releases the cross-link, thus increasing elasticity. The
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Figure 5.1.: Synthetic actin cross-links drastically affects the viscoelasticity of an actin
network at 1 mg ml−1 (23.8 µM). A permanent divalent cross-linker mod-
eled by a phalloidin-DNA-phalloidin construct at a cross-link/actin ratio
of 1:1000 increases the elasticity more than one order of magnitude. The
dsDNA spacer was 30 nt (10 nm) in length.
target might be released by the accommodated cells such that an autonomous elastic-
ity feedback is provided by the smart substrate. I envision a multitude of additional
applications of such smart materials (Schulz, Kelkar, and Sundaresan 2006).
Towards Understanding the Cytoskeleton
The application of DNA nanotechnology to resolve open question in polymer physics
and soft matter physics has proven to be successful. Future work should follow this
direction. For example, one may conceive a meticulous study of the effect of cross-links
in semiflexible networks, beyond the long accessible concentration correlation. Natural
cross-linkers vary in a number of aspects, e.g. binding strength, size, valency and
geometric allocation (Tseng et al. 2001) In contrast to the current study, where DNA n-
HTs constituted the entire macromolecular content, I propose actin as the polymer and
synthetic cross-linker comprising two actin specific binding sites interconnected with a
dsDNA as spacer. Here, DNA nanotechnology would serves as a toolbox to mount actin
binding sequences of different binding strengths, to adjust the length of the linker, or
to arrange more than two binding sites in one cross-link.
Initially, preliminary experiments were performed as a proof-of-concept. The actin
binding motifs were interconnected with a 10 nm long dsDNA strand forming the di-
valent cross-link. The peptide phalloidin was choosen as a high affinity actin binding
domain (Kd ∼ (2.3± 0.9) µM) (De La Cruz and Pollard 1996) and attached to both
ends of the cross-link. Such constructs have indeed a drastic effect on the mechanical
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response of actin networks as shown by the frequency sweep in Fig. 5.1. The binding
strength of those cross-linkers can be varied by the application of another actin binding
motif. For example, the synthetic peptide LifeAct (Kd ∼ (9± 2) nM) (Riedl et al. 2008)
could act as a transient linker. Such an experimental model system could contribute to
the dissection of the multitude of parameters available in natural actin cross-links and
to help understand the mechanisms behind (Lieleg, Claessens, and Bausch 2010).
Based on the full understanding and modeling of passive cytoskeletal structures, the
next level of complexity emerges and challenges our mind. Contractile structures either
employing active motors such as myosin (Huber et al. 2013) or depletion-forces (Schnauß
et al. 2016), exploit the polymer network as tracks and scaffolds and give rise to many
biological processes on the cellular level, such as motility, migration or invasion. They
make the keratocyte in Figure 1.1 crawl.
Again, these systems rely on polymer networks and a comprehensive knowledge
thereof. The present work paved the way and in the future, we will see a number of
studies employing the programmable, thus versatile de novo semiflexible model system







A.1. Detailed Calculations on Worm-Like Chains.
A.1.1. Harmonization of the Hamiltonian through Transition to t⊥
We will study the behavior of the worm-like chain in deviations from the ideal straight
configuration. This deviation is the perpendicular component of the tangent vector
t(s) = (t‖, t⊥)(s). How can we express t(s) in terms of t⊥(s) in the relevant Hamilto-
nians (2.18) and (2.30)?
The projected length of the filament is simply
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We defined our system such that the filament is mainly parallel to the x-axis and
therefore dt⊥/ds dt‖/ ds.















A.1.2. Contraction in Normal Modes
We will compute the contraction of a worm-like chain in terms of normal modes. With
both expressions for u(x) and aq, (2.35) and (2.34), we can estimate the contraction ∆l













Note that we perform the calculation here in normal modes, i.e. the summation over
discrete modes of extension. This is in contrast to the outlined calculation in the main
part (paragraph on the worm-like chain in section 2.1.2.2, on page 15), which employed





As a consequence, mode numbers in position qu are the squares of the “velocity” mode
numbers qt. However, the computation is analog and in particular the final statements




































































A.1.3. Hamiltonian in Normal Modes
We want to assign energy to each mode q of the conformation of the filament u(x) by
employing the equipartition theorem. We start with the bending energy of the free
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κq4 + fq2 . (A.3)
A.1.4. Resulting Contraction and Tension





κq2 + f . (A.4)
So far, we have considered one dimension of fluctuation. In three dimension there are
two independent dimensions of fluctuation: ∆l ' kBT
∑
q(κq2 + f)−1. Now, we are
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The contraction due to thermal undulations and tension ∆l was replaced by the mode
spectrum in equilibrium (A.4). We exchanged these wave vectors by the natural index
n. Since we have focused on the first (longest) mode, the limit conversion of the sum
was trivial. In the semiflexible limit of small small forces (κ fL2) the sum converges
rapidly and we considered only the first term n = 1. Taylor expansion of the fraction
yielded the polynomial in f . The first term in eq. A.1.4 is the the full contour length,
the second term is the equilibrium length reduction due to finite temperature and the
last term is due to an external tension f .










Here, I list the actual preparation sequences in detail with all reagents and mixtures
presented in comprehensive tables. See example Table B.1 for how to read mixing
tables.
Steps involving centrifugation refer to g as the unit of centrifugal acceleration (g =
9.81 m/s2).
cfinal Reagent Amount at cstock
H2O 1.52 l
1 M Reagent A 50 g
0.1 M Reagent B 80 ml 5 M
Table B.1.: Example of a Mixing Recipe. This buffer contains two reagents dissolved in
finally 1.6 l water. Reagent A has the final concentration of 1 M, reagent B
0.1 M. To mix this buffer, add 50 g of solid reagent A and 5 ml of dissolved




The preparation of actin from smooth rabbit muscle comprises three subsequent steps
with an intermediate after the first step (cf Sec. B.1.1), the acetone powder, that can
be stored for several years. This muscle extract is purified in a series of buffer changes
and subsequent precipitation of either actin or residues (cf Sec. B.1.2). A final gel
chromatography provides ultra pure and solely monomeric actin (cf Sec. B.1.3).
B.1.1. Acetone Powder Preparation
B.1.1.1. Buffers
Buffer A
cfinal Reagent Amount at cstock
H2O 1.6 l
0.5 M KCl 74.6 g
0.1 M K2HPO4 34.8 g
Fill with H2O to 2 l.
Phosphate Buffered Saline (PBS)
cfinal Reagent Amount at cstock
H2O 0.8 l
137 mM NaCl 8.0 g
2.7 mM KCl 0.2 g
10 mM Na2HPO4 1.42 g
1.8 mM KH2PO4 0.24 g
Adjust pH to 7.4 with diluted HCl. Fill with H2O to 1 l.
B.1.1.2. Recipe
1. Prepare in advance:
a) 2 l of Buffer A at 4 ◦C
b) 1 l of PBS at 4 ◦C
c) 10 l of H2O at 4 ◦C
d) 8 l of acetone at −20 ◦C
2. Dissect leg and back muscle from freshly killed rabbit. Store in chilled PBS. Cut
off fat and fur using scalpels. Clean with chilled PBS. Rinse meat grinder with a
solution of 20 mM EDTA (pH 7.0) immediately prior to use. Grind muscle three
times (1x coarse blade, 2x fine blade) in meat grinder.
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3. Stir slowly for 10 min with 900 ml Buffer A at 4 ◦C. Advice: First, put ground
meat in beaker and then add Buffer A.
4. Spin at 4000 g for 10 min at 4 ◦C in six 250 ml tubes. Pour off supernatant.
5. Repeat steps 2 and 3 once. Record weight of all tubes (with pellets).
6. In centrifuge tubes (250 ml each):
a) Add ≈ 150 ml chilled H2O to each tube. Resuspend pellet (e.g. with ceramic
spoon). Pellet might be too large to allow full 150 ml. Just fill centrifuge
tube completely.
b) Adjust pH of each tube to 8.2 to 8.5 with 1 M Na2CO3.
c) Put tubes in ice bucket for 10 min. Shake occasionally.
d) Spin at 4000 g for 10 min at 4 ◦C.
e) Pour off supernatant and record weight of all tubes (with pellets).
Repeat step 6 several times. Adjustment of pH (step 6b) might be necessary only
twice. Each time, compare the total weight (w/o supernatant) to the previous
measurement. It decreases on subsequent repetitions. At a certain point it will
begin to increase by roughly 10 %, usually. Stop at this point.
7. Pool the pellets in a 5 l glass beaker and add 4 l acetone at −20 ◦C. Stir for 20 min
to 30 min in fridge using the magnetic stirrer.
8. Filter through approx. 4 layers gauze or cheesecloth. Squeeze out liquid firmly
but not too hard.
9. Repeat steps 7 and 8.
10. Dry acetone powder on paper towels overnight in fume hood. Place into 50 ml
tubes, weigh and label. Store at −80 ◦C.
B.1.2. Actin Extraction from Acetone Powder
Start on Monday with Day 0 to run the long dialysis over the weekend (Day 4).
B.1.2.1. Buffers
Buffer X
cfinal Reagent Amount at cstock
H2O 0.45 l
2 mM Tris HCl 2 ml 0.5 M
0.5 mM ATP 1.25 ml 0.2 M
0.1 ‰ NaN3 0.5 ml 10 %
1 mM DTT 0.5 ml 1 M




cfinal Reagent Amount at cstock
H2O 3.6 l
2 mM Tris HCl 1.26 g
1 mM MgCl2 0.2 g
1 mM DTT 0.617 g
Adjust pH to 7.4 with diluted HCl. Fill with H2O to 4 l.
G-Buffer
cfinal Reagent Amount at cstock
H2O 3.2 l
5 mM Tris HCl 35 ml 0.5 M
0.1 mM CaCl2 3.5 ml 0.2 M
0.2 mM ATP 355 mg
1 mM DTT 540 mg
0.1 ‰ NaN3 3.5 ml 10 %
Adjust pH to 7.8. Fill with H2O to 3.5 l.
B.1.2.2. Recipe
Day 0 Prepare in advance:
1. 2 l of Buffer X at 4 ◦C
2. 1 l of Buffer 1.9 at 4 ◦C
3. Check KCl supply. We need approx. 30 g.
Day 1
1. Extract approx. 7 g actin acetone powder from Sec. B.1.1 with 135 ml cold Buffer
X on ice.
• Add buffer slowly while gently stirring with glass rod to thoroughly wet
powder.
• Actin leaves acetone powder. Brute stirring will result in also dissolving
other proteins.
2. Incubate on ice for 30 min. Stir gently every 10 min.
3. Spin at 25 000 g for 45 min at 4 ◦C. Keep supernatant.
4. Filter supernatant through glass wool into graduated cylinder and record volume.
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5. Transfer to beaker. Add solid KCl to 3.3 M while stirring.
• KCl adds about 10 % volume. This is 28 g for about 110 ml.
• Add KCl all at once – solution becomes opaque.
• This step is to dissociate α-actinin.
6. Stir at room temperature until solution reaches 15 ◦C. Incubate on ice (w/o
stirring) until temperature drops to 5 ◦C. The temperature variation step is crucial
for α-actinin dissociation and takes ≈ 40 min to go up and 20 min to go down.
7. Spin at 25 000 g for 30 min at 4 ◦C. Tight white pellets at the bottom of tubes, if
present, are α-actinin.
8. Filter again as in step 4 into graduated cylinder.
9. Dialyze supernatant precisely against 32× its volume of Buffer 1.9 overnight to
obtain final KCl concentration of 0.1 M which is F-Buffer conditions. 3 l to 4 l of
buffer are needed.
Day 2
1. Add to dialysis bag content add 0.22× its volume of 4 M KCl and stir for 1.5 h at
4 ◦C. This yields a final KCl concentration of 0.8 M and is intended to solubilize
tropomyosin.
2. Spin at 100 000 g for 3.5 h at 4 ◦C. Discard supernatant.
3. Use total of 12.5 ml of Buffer X to thoroughly homogenize pellet and transfer to
graduated cylinder.
4. Add 37.5 µl of 1 M MgCl2 and 187.5 µl of 4 M KCl, adjust volume with Buffer X
to 19.3 ml, and leave at 4 ◦C overnight without stirring.
5. Prepare 3.5 l of G-Buffer and keep at 4 ◦C.
Day 3
1. Add 4.5 ml 4 M KCl and 1.185 ml Buffer X and stir for 1.5 h at 4 ◦C.
2. Spin at 100 000 g for 3.5 h at 4 ◦C. Discard supernatant.
3. Wash pellets in tubes with Buffer X, remove from tubes with a small amount of
Buffer X, and homogenize.
• Pellet should be denser and thicker than day before.
• Homogenize in as little Buffer X as possible and check the apparent concen-
tration against Buffer X. This should be 3.5 mg ml−1, because after column
purification at day 5/6, the apparent concentration will have dropped approx.
1.5-fold. A final concentration of ≈ 2 mg ml−1 is desired.




1. Sonicate dialysis bag three times for 10 s each in sonicator bath filled with G-
Buffer.
2. Continue dialysis against 1 l G-Buffer for the next 48 h.
Day 5
1. Continue dialysis. Buffer change is not necessary.
2. Prepare the gel chromatography column for the next day.
Day 6
1. Check concentration against dialysis buffer. Keep dialysis buffer for later concen-
tration determination (step 3 and 5).
2. Clarify actin by spinning at 100 000 g for 3.5 h at 4 ◦C and save supernatant.
3. Check concentration against dialysis buffer again.
4. Further purify the actin in the gel chromatography column to remove additional
impurities such as capping proteins or actin oligomers.
5. Check concentration against G-Buffer.
Proceed with column run on the next day. Keep supernatant on ice overnight.
B.1.3. Actin Gel Filtration (Column Run)
1. Clean all tubes of the fraction collector thoroughly.
2. Filter G-Buffer with ≈ 0.22 µm filter to avoid column contamination.
3. Flush the column with 1 to 2 column volumes (330 ml to 760 ml) of G-Buffer if
last usage was more than 1 month ago.
a) Flush column w/o the wavelength detector enabling higher flow rate V̇ for
the first 1 h to 2 h.
b) Connect the variable wavelength detector. Flush the chamber for ≈ 1 h.
Monitor the absorbance and verify constant baseline (e.g. with HPLC pro-
gram).
c) In 3a and 3b limit the pump pressure to 0.2 MPa (indicated by the digital
readout on the pump). This sets the upper flow rate limit V̇max in 3a to ≈
3 ml min−1 to 3.5 ml min−1.
4. Check for column contamination.
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a) Measure absorbance of solution after column with Beckman spectrophotome-
ter and G-Buffer as blank.
b) Absorbance should be < 0.010. Otherwise, continue flushing or consider
optional column cleaning (point 12).
5. Adjust flow rate for actin and load actin solution.
a) Reconnect the wavelength detector
b) Set flow rate for actin to 0.7 ml/min to 0.8 ml/min.
c) Verify the actual flow rate with a 50 ml graduated cylinder for 10 min to
15 min.
d) Switch pump off. Place inlet tube into actin solution.
e) Switch pump on. Draw almost all actin solution into the tubing. Switch
pump off. Avoid bubbles in the tubing. The air might clog the column.
f) Place inlet back into G-Buffer.
6. Prepare the record of the absorbance time course on the computer.
a) Connect the computer with the HPLC program via serial bus to the variable
wavelength detector.
b) Settings: λ = 280 nm, range = 0.64 “ABS”. Assure proper operation.
7. Compute fraction size per tube: V = V̇ t. Aim for 1.5 ml to 2 ml/tube and adjust
residence time t. I.e. this is 1.6 ml/tube for a flow rate of 0.8 ml min−1 over 2 min.
8. Program the fraction collector.
a) Rack Type = 2. Enter.
b) Collection Mode = Time. Enter.
c) Fraction Size = Enter. (Chooses min/s mode by default.)
d) Fraction Size = 2. Enter. (Enter t as computed above.)
e) Fraction Number = 1.5.0. Enter. (Means 150 tubes.)
f) Run.
9. Monitor the absorbance on the computer.
a) Start program.
b) Two peaks will occur after ≈ 800 ml (i.e. tube 100 at 0.8 ml min−1. The
small initial peak comprises actin dimers and other molecules. The following
large peaks comprises the desired actin monomers.
10. Pool monomeric actin.
a) Identify tubes containing actin monomers.
b) Remeasure their absorbance with Beckman spectrophotometer.
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c) Save all tubes A > 1.0 (for the Superdex 75 column) or A > 0.9 (Superdex
200).
d) Pool these and retest concentration. This is the final, purified actin. It can
be diluted 2 to 4 times its original volume.
11. Aliquot and snap freeze actin in liquid nitrogen. Prepare some 1.5 ml aliquots for
later use in G-Actin-Rhodamine prep.
12. Optional column cleaning. Flush column with ≈ 150 ml NaOH at ≈ 2.2 ml min−1
to remove non-specifically adsorbed proteins.
13. Flush column with ≈ 1 l G-Buffer and finally disconnect system.
B.1.4. Rhodamine-G-actin preparation
B.1.4.1. Buffers
G-Buffer Here, we utilize G-Buffer based on Tris HCl as listed above (cf. Sec. B.1.2.1
on page 114).
F-Buffer (FBH)
cfinal Reagent Amount at cstock
H2O 1.8 l
5 mM HEPES 20 ml 0.5 M
0.1 M KCl 66.7 ml 3 M
1 mM MgCl2 2 ml 1 M
0.1 mM CaCl2 1 ml 0.2 M
0.2 mM ATP 2 ml 0.2 M
Adjust pH to 7.8. Fill with H2O to 2 l.
B.1.4.2. Recipe
Day 1
1. Dialyze actin (typically 1.5 ml to 2 ml G-actin at 2 mg ml−1 ≈ 50 µM) overnight at
4 ◦C against 2 l of F-Buffer (FBH), that does not contain primary amine ( NH2)
nor thiol ( SH) groups (buffer amine groups would block carboxyl groups on
Carboxytetramethylrhodamine (CTMR= rhodamine); buffer thiol groups would




1. Transfer F-actin to 1 or 2 1.5 ml Beckman tubes suitable for the centrifuge. Add
to this F-actin solution 0.3 mM CTMR (Invitrogen, Ltd., Paisley, UK) from a
0.1 M stock solution. Mix well by pipetting and incubate at room temperature
for 1 h.
2. Stop the reaction by addition of 10 mM Tris, pH 7.8. (Because Tris has NH2
groups, the excess added in this step scavenges CTMR which has not yet covalently
bound to actin.)
3. Spin the Rh-F-actin 100 000 g for 2 h at 12 ◦C to pellet Rh-F-actin.
4. Discard the supernatant and resuspend the pellet(s) with G-Buffer such that you
get a total volume of 2.5 ml. (Steps 4 and 5 remove Tris-CTMR and polymerization-
incompetent actin from the solvent.) The pellet will be firm, so mix first by
pipetting, being careful not to get chunks stuck to the pipette tip. Transfer to
3 ml or other small homogenizer and mix thoroughly. Leave in homogenizer and
depolymerize on ice for 1 h, mixing every 20 min.
5. Gel filter the actin on a PD-10 column (GE Healthcare, München, Germany)
against G-Buffer. The viable Rh-G-actin comes off the column first. Use a flat-
bottomed 5 ml tube to collect actin solution (elution volume will be 3.5 ml). (This
step removes non-covalently actin-bound rhodamine and unbound rhodamine in
solution.)
6. Recycle Rh-actin by polymerizing the solution by the addition of MgCl2 and KCl
to a final concentration of 3 mM MgCl2 and 0.1 M KCl.
7. Incubate for 30 min at room temperature.
8. Spin the Rh-F-actin again as in step 3, dividing the 3.5 ml sample between 3 vials.
9. Resuspend the pellets of Rh-F-actin with the 3 ml or other small homogenizer
using a total of 10 ml G-Buffer. G-Buffer volume can be varied to obtain a desired
final concentration.
10. Dialyze overnight in the dark at 4 ◦C against 1 l G-Buffer. Save the dialysis buffer
for later concentration determination.
Day 3
1. Spin Rh-G-actin at 100 000 g for 3.5 h at 4 ◦C and save supernatant. (This step
removes oligomeric actin and thereby also potential actin binding proteins.)
2. Determine actin and rhodamine concentrations, using the spectrophotometer,
reading actin absorbance A290 nm and rhodamine absorbance A550 nm.
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• Rhodamine concentration: Absorbance coefficient is ε550 nm = 95 mM−1 cm−1.
cRh = A550 nm/ε550 nm = [mM]
• Actin concentration: Subtract 25 % of the rhodamine absorbance, then divide
by 0.617 to obtain actin concentration in mg ml−1 and convert to µM.
cactin =





= 42 000 [M]
We refer to this product as monomeric/globular rhodamine actin (G-Rh-Actin).
B.1.5. Reptation Samples
10-fold concentrated HEPES buffered F-Buffer (10xFBH)
cfinal Reagent Amount at cstock
H2O 4.5 ml
50 mM HEPES 1 ml 0.5 M
1 M KCl 3.3 ml 3 M
10 mM MgCl2 0.1 ml 1 M
1 mM CaCl2 50 µl 0.2 M
2 mM ATP 0.1 ml 0.2 M
10 mM DTT 0.5 ml 0.2 M
1.5 mM DABCO 68 µl 0.22 M
Adjust pH to 7.8. Fill with H2O to 10 ml.
Filamentous Rhodamine Actin (F-Rh-Actin)
cfinal Reagent Amount at cstock
H2O 3.7 µl
10xFBH 2 µl
23.8 µM G-Rh-Actin 14.3 µl 33.3 µM
Polymerize for 1 h at room temperature in the dark. Followed by a two-step dilution:
F-Rh-Actin @ 1.19 µM
cfinal Reagent Amount at cstock
H2O 34.2 µl
10xFBH 3.8 µl
1.19 µM F-Rh-Actin 2 µl 23.8 µM
Cut pipette tips when pipetting F-Actin. Mix gently. Keep dark.
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F-Rh-Actin @ 60 nM
cfinal Reagent Amount at cstock
H2O 34.2 µl
10xFBH 3.8 µl
59.5 nM F-Rh-Actin 2 µl 1.19 µM
Cut pipette tips when pipetting F-Actin. Mix gently. Keep dark. Proceed quickly, the
current concentration is below actin’s critical concentration. Filaments will depolymer-
ize within 1 h.
Tube Network @ 23.8 µM Unlabeled:Labeled – 2000:1.
The unlabeled network is polymerized around the existing tracer filaments.
cfinal Reagent Amount at cstock
H2O 4.98 µl
10xFBH 1.58 µl
23.8 µM G-Actin 9.24 µl 51.5 µM
12.5 nM F-Rh-Actin 4.20 µl 59.5 nM
Cut pipette tips when pipetting F-Actin.
1. Mix gently.
2. Clean, passivate and seal edges of two cover slips as described above in Sec. 3.1.2.
3. Load 20 µL of Tube Network @ 23.8 µM onto the small cover slip.
4. Close the sample chamber with the second passivated cover slip and compress
gently until sample is evenly distributed within the sample and no air bubbles are
left.
5. Seal the edges with nail polish.
6. Polymerize the sample in the dark for 1 h at room temperature.
Continue with data acquisition under the microscope.
B.2. DNA n-Helix Tubes
Any handling of DNA is performed in specific “DNA LoBind” microcentrifuge tubes





The data sheet lists the volume V100 to obtain solution at cn = 100 µM. We prepare
two stock solutions to cover the entire range of concentrations, one at half this standard
concentration (∼ 50 µM), the other at twice the standard concentration (∼ 200 µM).
• Prepare 200 µM stock solution:
– Add V200 = 12V100 water to the tube.
– Shake/knock the tube 5 times.
– Soak 10 min on ice.
– Heat for 5 min to 65 ◦C.
– Shake/knock the rack containing the tubes 50 times.
– Briefly spin with a table top centrifuge.
• Prepare 50 µM stock solution from this:
– Take V50 = 15V200 of the 200 µM solution and dilute in VH2O =
3
5V200 H2O.
– Shake/knock the rack containing the tubes 50 times.
– Briefly spin with a table top centrifuge.
B.2.1.2. Determine Concentration
Use the absorbance spectrophotometer NanoDrop 1000 (Thermo Fisher Scientific Inc.,
USA) to measure the concentration of the lower concentrated stock solution (∼ 50 µM).
Compute the higher concentration from this.
• Clean both detector heads with a droplet of water.
• Dry with a Kimwipe (05511, Kimtech Science, Kimberly-Clark, USA).
• Blank with H2O.
• Measure 5 times the same sample:
– Load 1.5 µl of sample onto the lower detector head.
– Record concentration (volumetric mass density cm, [cm] = [ng µl−1]) with
the NanoDrop (according to the Lambert-Beer law 3.4.1 with an extinction
coefficient ε260 nm = 0.027 µl ng−1 cm−1 for ssDNA).
– Remove sample from both detector heads with a Kimwipe.
• Compute truncated mean:
– Exclude upper and lower extrema from the concentration list.
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– Compute mean concentration [c̄m] = [ng µl−1] of the remaining three data
values.
• Clean both detector heads with a droplet of water.
• Put a folded Kimwipe between both detector heads for storage.
• Compute number density [c̄n] = [µmol l−1] = [µM] from the volumetric mass





• Caveat, this might deviate up to 30 % from the expected value.
• Store at −20 ◦C.
B.2.2. Assembling DNA n-HTs
B.2.2.1. Buffers
10xTE+MgCl2 A tenfold concentrated TE buffer with MgCl2
cfinal Reagent Amount at cstock
H2O 15.2 ml
100 mM Tris pH 8 2 ml 1 M
10 mM EDTA 0.4 ml 0.5 M
120 mM MgCl2 2.4 ml 1 M
Sterile filtrate (pore size 0.22 µm). Autoclave.
B.2.2.2. Recipe
Samples were assembled at their final concentrations to avoid dilution and heavy mixing
after network formation.
As an example, we list here the recipe for a 175 µl sample of eight helix tubes at a


















Figure B.1.: Hybridization Program for DNA n-HTs: Randomization and dehybridiza-
tion for 10 min at 90 ◦C. Extended dwelling around the computed melting
temperature from 65 ◦C to 55 ◦C in small steps. Cooling to room temper-
ature.
DNA 8HT @ 8 µM
cfinal Reagent Amount at cstock
8 µM U1 6.597 µl 212.2 µM
8 µM U2 5.809 µl 241.0 µM
8 µM U3 5.622 µl 249.0 µM
8 µM U4 5.416 µl 258.5 µM
8 µM U5 6.014 µl 232.8 µM
8 µM U6 5.807 µl 241.1 µM
8 µM U7 6.003 µl 233.2 µM
8 µM T8 6.220 µl 225.1 µM
H2O 110.0 µl
10xTE+MgCl2 17.5 µl
Close the PCR tube’s lid and place in Thermocycler. Lower the lid of the Thermo-
cycler. Run the following program, illustrated in Fig. B.1.
• Heat lid to 70 ◦C.
• Heat to 90 ◦C for 10 min to dehybridize potential DNA duplexes.
• Set temperature to 65 ◦C, slightly above melting temperature, and lower in 20
small steps of −0.5 K with a dwell time of 30 min each.
• Set temperature to room temperature (20 ◦C).
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Avoid pipetting after network formation.
B.2.3. Samples for Rheology
Triton X-100 was added one hour before loading the sample:
DNA 8HT @ 8 µM+TX
cfinal Reagent Amount at cstock
8 µM DNA 8HT 175 µl 8 µM
100 µM Triton X-100 9.2 µl 2 mM
B.2.4. Fluorescent Samples
The labeled networks were mixed by exchanging U1 with U1-Cy3:
DNA 8HT-Cy3 @ 8 µM
cfinal Reagent Amount at cstock
8 µM U1-Cy3 1.882 µl 85.0 µM
8 µM U2 0.664 µl 241.0 µM
8 µM U3 0.643 µl 249.0 µM
8 µM U4 0.619 µl 258.5 µM
8 µM U5 0.687 µl 232.8 µM
8 µM U6 0.663 µl 241.1 µM
8 µM U7 0.686 µl 233.2 µM
8 µM T8 0.711 µl 225.1 µM
H2O 11.45 µl
10xTE+MgCl2 2 µl
Hybridize according to Sec. B.2.2.2.
B.2.4.1. Persistence Length Samples
Dilute the Cy3-labeled sample in three steps:
DNA 8HT-Cy3 @ 0.8 µM
cfinal Reagent Amount at cstock





DNA 8HT-Cy3 @ 80 nM
cfinal Reagent Amount at cstock
80 nM DNA 8HT-Cy3 2 µl 0.8 µM
H2O 16.2 µl
10xTE+MgCl2 1.8 µl
DNA 8HT-Cy3 @ 10 nM
cfinal Reagent Amount at cstock
10 nM DNA 8HT-Cy3 4 µl 80 nM
H2O 14.4 µl
10xTE+MgCl2 1.8 µl
Stir thoroughly. Load to non-passivated sample chamber. Let equilibrate and adsorb
for about 24 h at 4 ◦C.
B.2.4.2. Reptation Samples
Dilute the Cy3-labeled sample in two steps to 80 nM according to Sec. B.2.4.1. Prepare
the unlabeled background network as described above in Sec. B.2.2.2.
Add a small amount labeled to the unlabeled network:
DNA 8HT labeled/unlabeled @ 8 µM 4000:1
cfinal Reagent Amount at cstock
8 µM DNA 8HT 78 µl 8 µM
2 nM DNA 8HT-Cy3 2 µl 80 nM
Stir thoroughly. Load to passivated sample chamber. Equilibrate over night at 4 ◦C.
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Nature is built of semiflexible polymers. The envi-
ronment and interior of biological cells is penetrated
by networks of semiflexible biopolymers [CS1] that
provide mechanical integrity at a low volume frac-
tion while sparing enough space for diffusion and
metabolism making life happen. Their abundance
and importance made them a central object of nu-
merous studies across disciplines. The finite bending
stiffness (κ) of semiflexible polymers leads to non-
trivial mechanical responses on the scales of tissue
[CS2–CS5], networks [CS1, CS6], or bundles [CS7,
CS8]. The central question of the correlation of
macroscopic and microscopic stiffness was not ad-
dressable with the natural semiflexible polymers due
to their constant stiffness. Here, this relation is un-
raveled by the application of state-of-the-art DNA
nanotechnology.
The present work aims to relate the well-established
mechanics of single semiflexible filaments and the
fascinating mechanics of tightly-entangled networks.
This long-standing problem has been approached be-
fore theoretically and several complementing theo-
retical frameworks emerged. Immediately, the basic
question of the local mapping of the macroscopic
strain arises. It is established that cross-linked net-
works and the high frequency response is governed
by affine network deformation [1]. Contrary, the me-
chanical response dominated by linear elasticity at
intermediate strain and strain rate is caused by non-
affine deformations. This complex many-body prob-
lem has been approached from different perspectives.
The early unit cell approach borrowed from mechan-
ical engineering [2]. However, the tube model, with
its roots dating back to Pierre-Gilles de Gennes, is
the most promising and well-established [3]. The
major statement of these models is their prediction
of that linear elasticity as rated by the elastic plateau
modulus G0 and its dependence of filament density
and stiffness.
A natural model for such polymers is the protein
actin [CS6–CS8]. Experimental studies of actin net-
works, however, are limited since the stiffness, mea-
sured by the persistence length (lp ∝ κ) cannot be
readily tuned. Hence, the experimental verification
of the theoretical models relied mainly on studies on
filament density, i.e. concentration c. The models,
however, differ substantially in their scaling of G0
with persistence length – in fact in sign. This drastic
change is a reminiscence of the underlying competi-
tion of enthalpic (rigid rod bending) and entropic
(flexible, entropic spring) contributions. Semiflexi-
ble polymers exist just at the balance of both effects.
The persistence length is their class-defining quan-
tity. How are macroscopic and microscopic stiffness
related?
This work experimentally investigated this param-
eter for the first time through bulk rheological and
single-filament measurements of entangled networks
formed by structurally tunable DNA nanotubes [4].
These so-called n-helix tubes (n-HTs) have a uni-
form circumference depending on the number n of
constituting double helices (cf. Fig 1). This de
novo model system enabled the programmed vari-
ation of the persistence length in the semiflexible
regime [CS1]. The system was extensively char-
acterized on the single-filament and network level.
1
3µm
(a) Two 5-HTs are soft and
crumpled.
3µm
(b) 10-HTs are stiffer and
elongated.
















(c) Persistence lengths of different DNA nanotubes.
Figure 1: DNA nanotubes are tunable in lp. (a&b)
Exemplary epi-fluorescent images of adsorbed n-HTs
together with their cross-sectional schemes. The
contours were tracked and processed to obtain lp as
plotted in (c).
Key assumptions of the worm-like chain such as the
persistence length and inextensibility were studied
by means of epi-fluorescence microscopy of labeled
DNA nanotubes. On the network level, the confir-
mation of the entangled nature of the network was
in focus. The absence of spurious cross-links was ap-
proved by the observation of free reptation and the
interruption of possible cross-linking pathways and
its impact on bulk mechanics. Possible interfacial
elasticity of the networks was analyzed by the ad-
dition of surfactants and the mechanical response.
The motion of reptating filaments was used to vali-
date the mesh size scaling. This qualifies DNA nan-
otubes as an ideal model system of tightly-entangled
networks of semiflexible polymers.
Eventually, macroscopic shear rheology assessed the
elastic shear modulus while varying the concentra-
tion and persistence length. The observed scaling
is
G0 ∝ c7/5l1p. (1)
While the scaling of the elastic plateau modulus with
concentration G0 ∝ c7/5 is consistent with previ-
ous measurements and the tube model, the emerging
persistence length scaling G0 ∝ lp is opposing pre-
dominant theoretical predictions. Since the (ather-
mal) bending dominated unit cell approach success-
fully describes this scaling, I presume the influence
of bending is underrated in the tube model.
Supported by other studies [5], this first observa-
tion of the lp-scaling of G0 challenges the established
tube model. A possible future direction of model-
ing might employ the glassy worm-like chain, where
even entangled networks can display cross-link like
behavior.
Beyond this impact on the fundamental science of
polymer physics and soft matter physics, this mate-
rial may see broad application as a wide-range elastic
soft material. The concerted alteration of viscoelas-
ticity is a central aim in tissue engineering seeking
tunable substrates for cell culture. I investigated the
possibility of cross-link formation in such nanotube
networks and observed a two-fold stiffening.
This tunability of single parameters over a wide
range makes the unique DNA nanotubes a versatile
material and model system, stimulating both the de-
velopment of tunable and smart materials and the
evolution of our understanding of the emerging me-
chanics of semiflexible polymer networks.
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